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ABSTRACT

Author: Modiriasari, Anahita. Ph.D.
Institution: Purdue University
Degree Received: December 2017
Title: Geophysical Signatures of Fracture Mechanisms
Major Professor: Antonio Bobet and Laura J. Pyrak-Nolte

Fractures and discontinuities have a significant influence on the mechanical and hydraulic
properties of brittle materials such as rock. The prediction of rock mass behavior requires
information on the location and character of the initiation, propagation, and coalescence of new
and pre-existing cracks. Methods based on the interpretation of seismic waves are of great
interest because the waves can be used to probe internal damage in rock. The objective of this
research is to characterize crack initiation, propagation, and coalescence inside rock using wave
propagation. Digital image correlation (DIC) was employed to investigate crack evolution on the
surface of rock specimens under load. Uniaxial compression experiments were performed on
pre-cracked Indiana limestone specimens that contained one or two parallel pre-existing cracks.
In the experiments, the uniaxial compression was applied with a constant displacement rate until
failure. Reflected and transmitted waves, both compressional (P) and shear (S), were propagated
through a specimen while digital images of the specimen surface were acquired during the test.
From the DIC data, tensile and shear crack initiation were identified as a jump in the
displacement field around the tips of pre-existing cracks. A distinct decrease in the amplitude of
transmitted waves occurred prior to the detection of tensile crack on the specimen surface using
DIC. In addition, degradation and opening/closing of tensile cracks under uniaxial cyclic
compression-compression loading was monitored using the amplitude of the transmitted waves.
The amplitude of the transmitted wave was observed to increase as the specimen was unloaded
and the cracks closed, and decrease in amplitude during re-loading.
In contrast to the tensile crack behavior, the amplitude of the transmitted waves was not sensitive
to the shear crack initiation. However, seismic wave conversions (P-to-S or S-to-P wave) were
found to be effective in identifying the initiation of shear cracks in rock. P-to-S wave conversion
occurs in the presence of an array of oriented open micro-cracks, which is one mechanism for the
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formation of shear cracks. These converted-mode seismic signatures were observed well before
tensile and shear cracks were detected on the rock surface using DIC. With crack propagation,
the amplitude of the transmitted waves decreased while the amplitude of the converted waves
increased.
Coalescence occurred through the propagation of new tensile or shear cracks between the flaws.
Crack coalescence was associated with a significant decrease in the amplitudes of wave
transmission and conversion, and with an increase in the reflected wave amplitudes. Additional
benefit of recording both transmitted and reflected waves is that the arrival time of the reflected
waves from tensile and shear cracks can be used to locate the new cracks in the rock. The
observed changes in the amplitude of transmitted, converted, and reflected waves provide a
method for determining when and where damage has occurred in a rock. The findings of this
research have a number of potential applications such as predicting failures (e.g. sliding along
faults in earthquakes) and other instabilities (e.g. rock slope instability) due to the formation of
discontinuities in rock or to locate and characterize the initiation and propagation of induced
discontinuities caused by hydraulic fracturing.
Keywords: Crack initiation and propagation, Crack coalescence, Digital image correlation (DIC),
Seismic wave monitoring
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1.! INTRODUCTION

1.1! Problem Statement and Motivation
The mechanical and hydraulic properties of a rock are strongly influenced by the presence and
properties of discontinuities, or fractures. For the prediction of rock mass behavior, it is
important to understand the initiation and propagation of new and pre-existing fractures, and how
the fractures connect with each other or coalesce to form a continuous fracture surface. Therefore,
the ability to locate and characterize natural discontinuities in rock as well as induced
discontinues such as hydrofractures is of paramount importance to many problems such as slope
stability, rock bridge integrity, hydraulic fracturing and geothermal energy. In addition,
prediction of earthquakes triggered by stick-slip frictional instabilities requires monitoring of
fault growth, state of stress and shear strength, and sliding along shear fractures.
Fracture mechanics provides the framework to represent discontinuities in a rock as features that
evolve with stresses and/or time. A basic theoretical framework is available within the field, with
an increasing body of experimental and numerical research on crack initiation and propagation
from pre-cracked brittle materials. However, the fracturing process in brittle materials is complex.
Although

it

has

been

extensively studied at the macroscopic scale, damage characterization

merits further investigation at the local or microscopic scale. The fundamental reason for this is
the limitations in our techniques to illuminate the cracking process in the interior of a rock as
most observational methods only have access to the surface of a specimen. As a result, the stateof-the-art in the laboratory still resides in observations on accessible surfaces, with few
exceptions, such as Germanovich and his co-workers, who directly observed the initiation of an
internal crack in PMMA which is a transparent material (Germanovich et al. 1996; Dyskin et al.
1999).
Many experimental studies have been conducted on crack initiation, propagation, and
coalescence in pre-cracked brittle materials. In most of these studies, the pre-existing crack (flaw)
has been subjected to either mode I (opening or tensile) or mixed mode loading (mode I and
mode II: in plane shear) (Reyes and Einstein 1991; Chen et al. 1993; Germanovich et al. 1994;
Shen 1995; Bobet 1997; Bobet and Einstein 1998; Wong and Chau 1998; Wong et al. 2001;
Sagong and Bobet 2002; Li et al. 2005; Wong and Einstein 2006; Park and Bobet 2009; Yang
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and Jiang 2010; Camones et al. 2013; Zou et al. 2012, Zou and Wong 2014; Zou et al. 2016). In
most of the experiments, two most common types of macroscopic cracks have been observed to
be initiated from tip of pre-existing flaws: tensile (wing) and shear (secondary) cracks, which are
shown in Figure 1.1. Tensile cracks initiate at or near the tip of the flaw. They propagate toward
the direction of maximum compression and are stable (i.e., further propagation of these cracks
requires application of additional load). Tensile cracks are also characterized by a plumose
structure on their surface.

"

Coplanar
Secondary Cracks

\Oblique
Secondary Cracks
Wing
Crack

Figure 1.1 Two types of cracks observed in pre-cracked rock specimens under uniaxial
compression (Park and Bobet 2009)
Shear cracks initiate from the tips of flaws and are initially stable, but may become unstable as
crack coalescence or specimen failure occurs. These cracks have been classified into two groups:
coplanar or quasi-coplanar (making an angle of 45° or less with the flaw plane) and oblique (with
an initiation angle larger than 45° with the flaw plane). Shear cracks are formed in areas of high
compression and/or shear stress, which result in surfaces with high roughness and pulverized
material between the surfaces (Park and Bobet 2009). This pattern has been observed in
published reports of experiments conducted on a diverse selection of materials.
In some experiments, a white patch or zone consisting of microracks was observed in marble
(Wong and Einstein 2009b; Wong et al. 2013) and in granite (Morgan et al. 2013) samples. The
white patches developed around the flaws before the subsequent development of visible
macrocracks under loading (Wong and Einstein 2009b; Zou and Wong 2014). Figure 1.2 shows
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the white patches emanating from a horizontal pre-existing flaw in Carrara marble in response to
uniaxial compression test. The white patches are then followed by tensile crack opening along
the two almost vertical patches at the two flaw tips (Wong and Einstein 2009b).

Figure 1.2 White patches initiating from a horizontal pre-existing flaw in Carrara marble under
uniaxial compression (Wong and Einstein 2009b)
Coalescence is the linkage of the pre-existing flaws through tensile and/or shear cracks. It is
important to understand the coalescence pattern because it can lead to rock failure. Coalescence
between flaws in specimens under compression has been extensively studied in different rock
materials. Chen et al. (1993), Li et al. (2005), and Wong and Einstein (2009a) studied the
cracking process and coalescence in marble specimens; Reyes and Einstein (1991), Shen et al.
(1995), Bobet and Einstein (1998), Sagong and Bobet (2002), Ko et al. (2006), and Wong and
Einstein (2009a) in gypsum specimens; Wong and Chau (1998) and Wong et al. (2001) in a
composite material simulating sandstone.
Reyes and Einstein (1991) studied crack coalescence of two open flaws with non-overlapping
geometries in gypsum specimens. They observed coalescence through the combination of tensile
and shear cracks. Before their work, it was believed that coalescence only occurred through
tensile cracks, in overlapping flaw geometries (Horri and Nemat-Nasser 1986). Their work
showed that shear cracks could also induce coalescence and expanded the observations made in
the past.
Bobet and Einstein (1998) observed five different coalescence types in their uniaxial
compression experiments on gypsum specimens, with two flaws. Wong and Einstein (2009a)

4

investigated the cracking and coalescence behavior of two open flaws in gypsum and Carrara
marble specimens under compression. Nine crack coalescence categories were identified in their
experiments (Table 1.1). They also found that the material had an influence on cracking
phenomena and coalescence. For example, they observed the development of macroscopic white
patches prior to the initiation of macroscopic cracks in marble, but not in gypsum. Park and
Bobet (2009) performed laboratory uniaxial compression tests on gypsum specimens with two,
three, and sixteen parallel flaws. They identified eight types of coalescence based on different
flaw geometries (Table 1.2). The experiments showed that coalescence produced through the
linkage of shear cracks occurred at a higher stress than coalescence produced by a combination
of shear and wing cracks. Coalescence through wing cracks was associated with the smallest
stress.
Observations of cracking phenomena in the laboratory have relied on visual inspection using
optical magnification and high-speed cameras. Digital image correlation (DIC) is an advanced
experimental technique that has been also used to observe the fracturing process on the surface
of specimens, by measuring full-field displacements. DIC has been used effectively for
kinematic measurements along discontinuities and fractures (Sutton et al. 2008; Lin and Labuz
2013; Hedayat et al. 2014). The DIC method is gaining attention in fracture mechanics because
of its simple preparation process and system set-up (Lin et al. 2014).
While these observation techniques have been instrumental in the understanding of cracking
phenomena at the macroscopic scale, what is needed is a method to characterize the formation of
new cracks inside brittle materials.
Acoustic Emission (AE) has proven an invaluable tool for locating and to some degree
determining the intensity of damage. It has been successfully used to investigate damage
processes in brittle materials (Anastassopoulos and Philippidis 1995; Shiotani et al. 2003;
Bentahar and Gouerjuma 2009). For example, Hu et al. (2013) have employed AE to explore the
fracture process in concrete through three-point bending beam tests. They concluded that AE
could locate the internal cracks in the specimen and detect crack propagation until structural
failure. However, it is not clear if AE is a precursor to damage or a result of the damage (Byerlee
1978; Lockner 1993; Chen et al. 1993). In addition, it is questionable that AE can provide
information about the engineering properties or the nature of the cracks, as both tensile and shear
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Table 1.1 Crack coalescence categories observed in molded gypsum and Carrara marble (S and T
denote shear and tensile crack, respectively) (Wong and Einstein 2009a)
Category

Coalescence Patterns

Crack Type Involved

1

No coalescence

2

Indirect coalescence by two or
multiple cracks (crack types vary)
(2 cracks)

(3 cracks)

3

Type 2 S crack(s)

4

Type 1 S crack(s)

5

One or more type 2 S crack(s) and
type 2 T crack segments between
inner flaw tips

6

Type 2 T crack(s). There may be
occasional short S segments present
along the coalescence crack.

7

Type 1 T crack(s)

8

9

Flaw tips at the same side linked up
by T crack(s) not displaying wing
appearance (crack type not classifies).
There may be occasional short S
segments present along the
coalescence crack.
Type 3 T cracks(s) linking right tip of
the top flaw and left tip of the bottom
flaw. There may be occasional short S
segments present along the
coalescence crack.
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Table 1.2 Coalescence types of open and closed flaws (Park and Bobet 2009)
Type

Left Stepping

Type

Type 1: Quasicoplanar shear
cracks

Type VI: An
oblique
secondary crack
and a wing crack

Type II: Quasicoplanar
secondary
cracks through
n out-of-plane
tensile crack

Type VIIa:
Oblique
secondary cracks
through an outof-plane tensile
crack

Type III: A
wing crack and
a quasicoplanar
secondary
crack

Type IV: A
wing crack

Type V: Quasicoplanar
secondary
cracks and an
out-of-plane
shear crack

Type VIIb:
Oblique
secondary cracks

Type VIII: An
oblique
secondary crack
and a quasicoplanar
secondary crack

Right Stepping
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cracks produce acoustic emission when the cracks propagate and/or slip (Carvalho and Labuz
2002; Fakhimi et al. 2002; Young and Thompson 2007; Moradian and Einstein 2014).
An alternative or complementary technique to the passive AE method is active seismic or elastic
wave monitoring. The technique has been used to observe and quantify local changes in the
physical properties of rocks and their discontinuities (Pyrak-Nolte et al. 1990; Leucci and Giorgi
2006; Kahraman 2002). For instance, Chen et al. (1993) found that stable sliding and stick-slip
behavior, as the two dominant modes of displacement, can be differentiated through transmitted
S-wave amplitudes across the interface between two granite samples. Hildyard et al. (2005)
found that active seismic monitoring can be used to investigate rock fracturing. They showed
how to decouple the effects of crack density and crack size in waveforms in different frequency
domains. They found that wave amplitude has a direct relation with the crack size. They also
observed that the crack density could be determined using the low-frequency phase difference.
Hedayat et al. (2014a) showed that compressional, P, and shear, S, wave propagation could be
used to monitor slip initiation and propagation processes along frictional interfaces. Thus, it
seems that active seismic monitoring has great potential to characterize both existing and new
fractures in rock.
The focus of this research is the interpretation of fracturing phenomena in the interior of rock
using active seismic monitoring. We have studied whether we can detect the fracture
mechanisms (time/load and location of new cracks), and differentiate the type of cracks forming
inside rock using seismic monitoring technique. We have coupled the geophysical and
mechanical characterization of cracks using wave propagation and digital image correlation (DIC)
techniques. DIC imaging technique is used as a complementary observation method to monitor
cracking process on the surface of a rock and to calibrate elastic wave measurements.

1.2! Research Objectives

This research studies the coupling between the mechanical and geophysical response of rocks
under uniaxial compression and complex cyclic loading, and provides a basis for the
development of seismic monitoring techniques in rocks, which eventually could be used as
practical tools for rock mass evaluation during and after construction.
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The active seismic wave methods is used to detect and classify damage inside rocks due to
mechanical processes. Two sets of experiments are performed on pre-cracked rocks: uniaxial
compressional and cyclic loading. Both types of experiments are conducted on Indiana limestone
specimens with two parallel flaws or with a single flaw.
The research objectives were accomplished through the following tasks:
a)! Investigation of fracturing and coalescence mechanisms in pre-cracked rocks. Digital
image correlation (DIC) was employed to determine crack location, initiation,
propagation, and crack coalescence by measuring surface displacements.
b)! Elastic wave monitoring of mechanically induced damage over a volume of rock. The
capability of active seismic wave methods to correlate damage inside the material with
the damage observed on the surface through DIC was investigated. Geophysical methods
have the potential to provide information regarding precursors, location and extent of a
fracture as well as engineering properties of the fracture such as specific stiffness (PyrakNolte and Roy 2000; Hedayat 2013). If successful, the research will enable us to
interrogate the interior of rock samples under uniaxial compression prior to and during
failure.
c)! Examination of the capabilities of active seismic wave monitoring to determine the type
of cracks (tensile or shear crack) forming in the rock.
Previous studies showed that wave conversion (P-to-S or S-to-P wave) occurs when
signals are normally or obliquely incident to a fracture undergoing shear (Nakagawa et al.
2000). Elastic wave conversions are associated with the formation of a network of
oriented microcracks that dilate under shear stress. In this research, use of wave
conversions as a diagnostic tool for detection of shear crack initiation inside the rock
were examined.
d)! Characterization of damage growth with cycles of uniaxial compression-compression
loading.
The effects of cyclic loading, compression-compression, on a tensile crack initiated from
an open flaw were examined by monitoring the changes of amplitude of wave
propagation through the crack with each cycle of loading and unloading. The goal was to
study whether seismic wave monitoring is a potential tool to monitor cyclic degradation
and opening/closing of cracks in rock.
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The objectives discussed above were pursued through an extensive experimental program. The
experiments were conducted on Indiana limestone specimens obtained from a quarry in Bedford,
Indiana. First, a number of uniaxial compression experiments on specimens with two open and
parallel flaws were completed, to investigate changes in seismic wave propagation through new
cracks forming in the specimen. The evolution of new cracks on the specimen surface was
identified using DIC. Investigation of tensile and shear crack initiation, propagation, and
coalescence in the interior of the specimen was carried out by acquiring transmitted, reflected
and converted waveforms while the specimen was subjected to uniaxial compression.
The second series of experiments were dedicated to the investigation of damage growth under
uniaxial cyclic loading. More specifically, the effect of crack degradation and opening/closing on
transmitted and reflected elastic waves was examined.

1.3! Dissertation Organization

This dissertation includes five chapters that present the outcomes of an extensive experimental
characterization of tensile and shear crack initiation, propagation, and coalescence in rock, using
active seismic monitoring.
Chapter 2 is adapted from the paper “Active Seismic Monitoring of Crack Initiation, Propagation,
and Coalescence in Rock” published in Rock Mechanics and Rock Engineering Journal on 19
May 2017 (Modiriasari et al. 2017). It describes a thorough experimental study that characterizes
tensile and shear cracks through a combination of surface imaging using digital image
correlation (DIC) and seismic wave transmission and reflection. The theory underlying DIC and
its use for the identification of crack initiation using full-field displacements are described.
Specimen preparation and properties, experimental set-up (including the seismic wave
measurement system), and testing procedures are discussed in detail. The chapter highlights
results comparing detection of tensile and shear crack initiation and growth using seismic wave
transmission and reflection, and using DIC.
Chapter 3 is adapted from the paper “Monitoring Rock Damage Caused by Cyclic Loading using
Seismic Wave Transmission and Reflection” published in the proceedings of the 50th US Rock
Mechanics / Geomechanics Symposium in 2016 (Modiriasari et al. 2016). The chapter describes
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the experimental work completed for the seismic monitoring of the opening/closing and growth
of damage in the form of a tensile crack under uniaxial cyclic loading. It is shown that the
damage growth with uniaxial cyclic loading is clearly visible with monitoring the transmitted
wave amplitudes, while this was not detected with DIC.
Chapter 4 is from a draft manuscript to be submitted for publication. It presents a powerful tool
for detection of shear crack initiation in rock using seismic wave conversion (S-to-P waves).
Experimental results described in the chapter indicate that damage, in the form of shear crack,
initially consists of an array of oriented microcracks which converts part of the energy of
normally or obliquely incident S-waves to P-waves. The numerical code ABAQUS (2014) and
the extended displacement discontinuity theory (Nakagawa et al. 2000) were used to estimate the
orientation of microcracks and the specific stiffness of the shear fracture forming in the rock.
The final chapter, Chapter 5, summarizes the work conducted in this research, discusses the main
findings and conclusions, and provides recommendations for possible future research.
This dissertation also includes three appendices. APPENDIX A presents a brief report of the
petrography of the Indiana limestone samples from thin section analysis. Two sets of calibration
experiments were conducted to evaluate the capability of DIC to detect the fracturing process in
rock and to determine the optimal experiment set-up to couple the mechanical and geophysical
tests. The specimen preparation, experimental set-up, and results of the experiments are provided
in APPENDIX B. Characterization of tensile and shear cracks using DIC results is discussed in
APPENDIX C. Additional supporting experimental results where seismic waves were used to
monitor tensile and shear crack initiation and propagation are included in APPENDIX D.
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2.! ACTIVE SEISMIC MONITORING OF CRACK INITIATION,
PROPAGATION, AND COALESCENCE IN ROCK1

! Preface
Active seismic monitoring was used to detect and characterize crack initiation, crack propagation
and crack coalescence in pre-cracked rock specimens. Uniaxial compression tests were
conducted on Indiana limestone specimens with two parallel pre-existing cracks. During the
experiments, the mechanically induced cracks around the flaw tips were monitored by measuring
surface displacements using digital image correlation (DIC). Transmitted and reflected
compressional and shear waves through the specimens were also recorded during the loading to
detect any damage or cracking phenomena. The amplitude of transmitted compressional and
shear waves decreased with uniaxial compression. However, the rate of decrease of the
amplitude of the transmitted waves intensified well before the initiation of damage in the form of
tensile cracks. In addition, a distinct minimum in the amplitude of transmitted waves occurred
close to coalescence. The normalized amplitude of waves reflecting from the new cracks
increased before new damages in the form of tensile and shear cracks initiated around the flaw
tips. In addition, the location of new cracks could be identified using the traveling time of the
reflected waves. The experimental results indicate that changes in normalized amplitude of
transmitted and reflected signals associated with damage initiation and crack coalescence were
detected much earlier than detection of crack initiation with DIC, at a load of about 80% to 90%
of the load at which the cracks appeared on the surface. The tests show conclusively that active
wave monitoring is an effective tool to detect damage and new cracks in rock, as well as to
estimate the location of the new cracks.

! Introduction
The strength and stiffness of a rock mass are significantly influenced by the existence of
discontinuities. Such discontinuities have different scales, from grain boundaries to joints and
1

This chapter is adapted from the paper “Active Seismic Monitoring of Crack Initiation, Propagation, and
Coalescence in Rock” published in Rock Mechanics and Rock Engineering Journal on 19 May 2017 (DOI
10.1007/s00603-017-1235-x).
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faults. New discontinuities or joints may also initiate and propagate from pre-existing
discontinuities in the rock mass and link with other joints, which may additionally decrease the
strength and stiffness of the rock (Lajtai et al. 1990; Bobet and Einstein 1998a; Hoek and Martin
2014; Cao et al. 2015). Understanding crack initiation, crack propagation and crack coalescence
in natural and artificial rocks is important to evaluate the behavior and performance of the rock
mass. Fracturing phenomena have been investigated experimentally on a number of diverse
materials such as Indiana limestone (Ingraffea and Heuze 1980), sandstone (Petit and Barquins
1988), marble (Jiefan et al. 1990; Chen et al. 1992; Martinez 1999; Li et al. 2005; Wong and
Einstein 2009a; Wong and Einstein 2009c), granite (Martinez 1999), and gypsum (Reyes and
Einstein 1991; Shen et al. 1995; Shen 1995; Bobet and Einstein 1998a; Sagong and Bobet 2002;
Li et al. 2005; Ko et al. 2006; Wong and Einstein 2006; Wong and Einstein 2007; Wong and
Einstein 2009a; Wong and Einstein 2009c). It is recognized that when a pre-existing joint (the
term flaw or pre-existing discontinuity or joint will be used indistinctively) in the rock is under
mixed mode I-II loading, two types of cracks most commonly initiate from the tips of the flaws:
(1) tensile; and (2) shear cracks (Horii and Nemat-Nasser 1985; Ashby and Hallam (Née
Cooksley) 1986; Reyes and Einstein 1991; Chen et al. 1992; Germanovich et al. 1994; Shen
1995; Bobet 1997; Bobet and Einstein 1998a; Wong and Chau 1998a; Wong et al. 2001a;
Sagong and Bobet 2002; Dyskin et al. 2003; Li et al. 2005; Wong and Einstein 2006; Park and
Bobet 2009; Yang and Jing 2010; Camones et al. 2013). First, tensile cracks initiate in the areas
of tension at or near the tip of the flaw, making an angle with the flaw plane. The tensile cracks
propagate toward the direction of maximum compression and are characterized by a plumose
structure on their surface. Shear cracks form in the areas of compression and/or shear stress at
the flaw tips. Park and Bobet (2009) reported that the shear cracks propagate in a direction that is
either coplanar (or quasi-coplanar) with the flaw (at an angle of 0 to 45° with the flaw plane) or
oblique (the angle is larger than 45°). The crushed material on the crack surfaces characterizes
shear cracks (Park and Bobet 2009). The two types of tensile and shear cracks are shown in
Figure 2.1, which is a result of imaging (using digital image correlation) of the surface of a precracked Indiana limestone specimen with a single flaw subjected to uniaxial compression.
Crack coalescence is achieved by the linkage of two flaws through newly formed cracks.
Significant advances in understanding the coalescence pattern have been achieved by performing
experiments on rock samples with two or more flaws. Results from uniaxial compression
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experiments show that crack coalescence can be produced by the linkage of tensile cracks, shear
cracks, or a combination of the two (Reyes and Einstein 1991; Chen et al. 1992; Shen 1995;
Bobet and Einstein 1998a; Wong and Chau 1998a; Wong et al. 2001a; Sagong and Bobet 2002;
Li et al. 2005; Ko et al. 2006; Wong and Einstein 2006; Wong and Einstein 2009b; Cao et al.
2015).
crack

Coplanar Shear
crack

~--

\

Oblique Shear
crack

Tensile crack

Figure 2.1 Types of cracks observed in pre-cracked rock specimens under uniaxial compression
Most of the aforementioned observations have been made by inspecting the specimen surface
using optical microscopes and high-speed cameras. Digital image correlation (DIC) is an
experimental technique that has been successfully used to determine the cracking processes that
occur on the surface of a specimen as it is being loaded (Pan et al. 2009b; Roux et al. 2009;
Nguyen et al. 2011; Shen and Paulino 2011; Leplay et al. 2011; Lin and Labuz 2013). Because of
its simple preparation process and set-up, DIC is gaining attention in experimental solid
mechanics (Pan et al. 2009a; Lin et al. 2014), and more specifically in experimental fracture
mechanics. For example, Lin and Labuz (2013) and Lin et al. (2014) used this technique to study
the fracture processes and determine the process zone length in quasi-brittle materials under
mode I and mixed-mode loading.
A fundamental question is whether the damage detected on the rock surface is representative of
what happens at the microscale inside the material. One of the methods which has been widely
used in the laboratory to further investigate microcracking in brittle materials is acoustic
emission (AE) (Lockner 1993; Zietlow and Labuz 1998; Eberhardt et al. 1998; Otsuka and Date
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2000; Janssen et al. 2001; Backers et al. 2005; Lin et al. 2009; Hu et al. 2013). AE is sensitive to
cracking processes in rocks subjected to loading; however, the AE events related to fracture
occurrence are a result of (not a precursor to) damage (Byerlee 1978; Lockner 1993; Moradian
and Einstein 2014).
Methods using active seismic or elastic wave monitoring are an alternative to AE and are among
the most promising tools to observe and quantify local changes in physical properties of
fractured rock (Pyrak-Nolte et al. 1990a; Chen et al. 1993; Pyrak-Nolte 1996; Boadu 1997;
Nakagawa et al. 2000; Kahraman 2002; Leucci and De Giorgi 2006; Shao and Pyrak-Nolte
2013). For instance, Pyrak-Nolte et al. (1990a) measured the transmitted waves across a single
fracture and attempted to determine the normal and shear stiffness of a fracture by measuring
waves transmitted through a fracture. Hedayat et al. (2014a) were able to detect slip initiation
and propagation along frictional interfaces using elastic wave propagation.
In this study, active seismic monitoring was used to characterize microscopic damage and crack
evolution in the ligament area (area between the two flaws where coalescence occurs) of precracked rock specimens under mixed-mode loading. Crack initiation, crack propagation and
crack coalescence in rock under uniaxial compression were detected on the specimen surface
through full-field measurements of displacements with 2D-DIC.

2.3! Digital Image Correlation (DIC)
DIC is a full-field optical technique that can be used to measure both in-plane and out-of-plane
displacement/strain fields on a deforming surface (Sutton et al. 2009; Orteu 2009; Hedayat et al.
2014b). The full displacement field is obtained by comparing the digital images taken before any
deformation has taken place (reference image) and during the test (deformed images) (Sutton et
al. 2009; Pan et al. 2009b). In DIC, the deformations on the specimen surface are monitored in
an area called the region of interest (ROI). For DIC analysis, an artificial white-light speckle
pattern (random gray intensity pattern) is created on the ROI prior to testing (Sutton et al. 2009).
For two-dimensional digital image correlation (2D-DIC), which was used in this study, the
surface displacement and strain fields can be only measured on planar surfaces (Orteu 2009).
During the experiment, the 2D-DIC only needs a fixed camera perpendicular to the specimen
surface to take images before and after deformation. This provided accurate measurements of
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displacements during the test. In 2D-DIC, the out-of-plane motion of the specimen (e.g. from
Poisson’s effect) results in errors when computing the in-plane displacement field. The out-ofplane motions of the specimen should be minimized to prevent changes in magnification of the
recorded images and an increase in in-plane displacements (Pan et al. 2009b). The errors in inplane displacements caused by out-of-plane translations are proportional to z, ∆*/*, where ∆* is
the out-of-plane translational displacement and z is the distance from the object to the camera
(Sutton et al. 2009; Pan et al. 2009b).
During the DIC post-processing analysis, a uniform virtual grid is superimposed on the ROI. The
displacements are measured at the intersection of the grid lines (or grid points). A small region
around a grid point is called a subset. The subsets are used for comparing the deformed images
and the reference image. A subset is preferable to a point (or pixel) because it can be identified in
the deformed images given its unique variation in gray scale intensity values (Sutton et al. 2009;
Pan et al. 2009b).

Reference subset

Displacement vector

P' (x'a, Y'o)
Deformed subset

y

Figure 2.2 Schematic illustration of a reference and deformed subset and matching process
The displacements at a point P are calculated by comparing the location of a reference subset
with (2M+1) pixels centered at point P(x0, y0), with its location in the deformed subset (Figure
2.2) (Sutton et al. 2009; Pan et al. 2009b). The correlation process between the reference and
deformed subsets is evaluated using statistical correlation criteria. The most common correlation
criteria are: the cross-correlation (CC), and the sum-squared difference (SSD). The CC and SSD
criteria have three different forms: (1) the original form (CC and SSD), (2) the normalized form
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(NCC and NSSD), and (3) the zero normalized form (ZNCC and ZNSSD). The ZNCC
correlation coefficient is used for the DIC analysis of this study because the CC criterion is more
computationally efficient than the SSD criterion. Moreover, the zero normalized form is
insensitive to changes in intensity of images (because of changes in lightning, specimen
reflectivity due to deformation, specimen orientation, and uneven illumination) recorded at
different times during each experiment. The ZNCC coefficient is shown in Eq. (1) (Pan et al.
2009b).
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The ZNCC coefficient varies between 0 and 1, where 0 represents no matching and 1 represents
perfectly matching subsets, i.e. when there is no difference between the intensity of pixels in the
reference and deformed subsets. The extremum of the correlation coefficient distribution
corresponds to the position of the deformed subset with respect to the reference subset (shown as
a displacement vector in Figure 2.2). The full-field displacement is obtained using the same
procedure at each grid point in the ROI (Pan et al. 2009b).
Despite the simple set-up, 2D-DIC has some disadvantages: (a) only the in-plane surface
deformations are measured; (b) the quality of the images significantly affects the measurements;
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and (c) the accuracy for strain measurements is low because the strains, i.e. the displacement
gradients, are computed as a numerical differentiation process of estimated displacement and can
amplify the noise in the displacements. 2D-DIC is not recommended for strain levels below 100
EF (Pan et al. 2009b).

! Specimen Preparation and Experimental Set-up
More than twenty uniaxial compression experiments were conducted on prismatic Indiana
limestone specimens. According to the analysis of thin sections, which was provided by
Spectrum Petrographics Inc., Indiana limestone is practically a mono-minerallic rock consisting
of mainly (more than 99%) calcite and less than 1% quartz. Based on the preferentially oriented
elongated fossil fragments, the Indiana limestone samples used in this study had planar beddings
with the bedding plane parallel to the XY plane (Figure 2.3). The specimens had 15-25%
porosity. The physical and mechanical properties of Indiana limestone, measured for the intact
samples, are presented in Table 2.1. The samples exhibit seismic anisotropy that corresponds to
the planar bedding in the samples (parallel to the XY plane in Figure 2.3). The sample anisotropy
and S-wave velocities in different directions of the sample are discussed in detail in APPENDIX
B (section B.1.2.3). The values of wave velocities in Table 2.1 are the average velocities across
different dimensions of the samples.
Table 2.1 Physical and mechanical properties of intact Indiana limestone
G (kg/m3)
2326

UCS (MPa)
47

E (MPa)
7415

VP (m/s)
4380

VS (m/s)
2570

Blocks of Indiana limestone (with dimensions 228.6 mm × 127 mm × 63.5 mm) were taken from
a quarry in Bedford, Indiana, operated by the Elliott Stone Company. The blocks were cut into
prismatic specimens with flat, smooth, and parallel surfaces using a water-cooled saw. The
dimensions of the specimens were 203.2 mm × 101.6 mm × 38.1 mm (with an error of ± 0.8
mm). Two parallel through-going flaws were created perpendicular to the XY plane in Figure 2.3
using a scroll saw. The aperture of the flaws was roughly 1 mm. The geometry of the flaws is
defined by the spacing (S) between the flaws, the continuity (C), and the angle of the flaws with
the horizontal (J), as seen in Figure 2.3.
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Figure 2.3 Geometry of the specimen and flaws used in the experiments
Table 2.2 shows the geometries tested in this investigation. The geometries are defined by three
numbers: SCJ; that is, 0a3a45 describes a two-flaw system with zero spacing S, continuity C
equal to 3a and flaw inclination angle J=45°. All measurements are given as multiples of a =
6.35 mm. Table 2.2 also includes the type of coalescence, following the classification by Park
and Bobet (2009), as well as the number of identical tests that were performed for a given
geometry to ensure repeatability of the results. There are some commonalities among all the
results. For clarity, the following discusses the observations from the experiment 0a3a45 (i.e.
S=0, C=19.05 mm, and J=450), which is taken as representative of the findings and observations
from the other tests (see Figure 2.4).
In all the tests, a uniaxial compression load was applied in the “Y” direction, as indicated in
Figure 2.3. The compression load was applied using an Instron loading machine (the experiment
set-up is shown in Figure 2.4). To reduce any potential concentration of stresses at the top and
bottom of the specimen, a Teflon film was attached to the loading platens using a thin layer of
petroleum jelly. The uniaxial compression experiments were performed at a constant
displacement rate of 0.04 mm/min. The loading machine recorded the applied uniaxial load and
the vertical (Y-axis) displacements.
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Table 2.2 Flaw geometries used for the experiments (a = 6.35 mm)

03a45
03a60
04a60
4a2a30
3a0.6a0
3aa30
3a1.5a30
3a2a30
3a045
3.5a0.8a30
4a2a30

Flaw
Length
3a
3a
4a
4a
3a
3a
3a
4a
3a
3a
4a

03a30
03a45

3a
3a

1.5a3a60

3a

Flaw Geometry (SCJ)

Coalescence Type

No. of
Experiments

Co-planar shear crack (I)

5

Tensile crack (IV)

4

Quasi-coplanar shear
crack and an oblique shear
crack (V)

8

Oblique shear crack and
an out-of-plane shear
crack (VIIa)
Oblique shear crack
(VIIb)

3
4

Figure 2.4 Experiment set-up. Specimen 0a3a45
During the experiments, the displacements were also measured on the specimen surface using
2D-DIC imaging. The measurements were taken for a ROI (gray region in Figure 2.4 around the
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two flaws) with dimensions 50.8×50.8 mm2 throughout the entire test. To minimize out-of-plane
errors in the displacement measurements, the camera was mounted at a distance of 0.42 m from
the specimen such that the maximum error was Δ*/* ~10-4. The DIC images were recorded
during the tests at a rate of 2 frames/sec, with a Grasshopper (Point Grey) CCD camera (with
2448×2048 square pixels) with a Fujinon lens (with 50 mm focal length, model HF50SA1). The
FlyCapture® SDK software was used to control the camera and image acquisition. The DIC
images were analyzed after the experiment using the ZNNC correlation algorithm to obtain the
displacements and strain fields on the ROI.
Compressional, P, and shear, S, wave ultrasonic pulses were transmitted and reflected through
the specimen using four pairs of P- and S-wave transducers (four sources and four receivers)
with a repetition rate of 1 Hz. One pair of Panametrics V103RM P-wave transducers (labeled as
2P in Figure 2.4) was aligned with the external tip of the top flaw to monitor the initiation and
propagation of any new crack. A pair of Panametrics V153RM S-wave transducers (3Sv) was
used between the two flaws to monitor the initiation of new cracks in the ligament area, crack
propagation and coalescence between the two flaws. The last two pairs, P-wave (1P) and S-wave
transducers (4Sv), were placed far from the flaws and were used as a baseline for transmitted and
reflected signals through the intact material.
All the transducers were placed on the sides of the specimen using steel plates. Four springs
produced a compression of 70 kPa that was sufficient to hold the steel plates on the sides of the
specimen and maintain the coupling between the transducers and the specimen (see Figure 2.4).
The ultrasonic transducers had a diameter of 11 mm and a central frequency of 1 MHz. The
waves were generated in all of the source transducers with a 400 V square pulse with a repetition
rate of 5 kHz sent from a high-voltage pulse generator. The particle motion of the S-waves
generated by all the transducers was polarized vertically (parallel to the “Y” direction in Figure
2.4).
Oven-baked honey was used to couple the transducers to the rock surface (Couvreur and Thimus
1996). Prior to the experiment, the honey was dehydrated in an oven at 90 0C for 90 minutes.
The surface of the rock was covered with an adhesive plastic film to prevent the penetration of
honey into the rock pores. Prior to testing, a constant 2 MPa uniaxial compression was applied to
the specimen for four hours. The seismic waves were monitored during this period to ascertain
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that any artifacts associated with coupling between the transducers and the specimen were
eliminated. This load was small enough such that no damage was induced in the specimen. After
the honey coupling, full waveforms of transmitted and reflected signals were recorded every
second using a LabView-controlled data acquisition system and seismic imaging array controller.

2.5! Experimental Results
2.5.1! Crack Identification using DIC
DIC, as described in section 2.3, was used to quantify the full-field displacements on the
specimen surface. After the experiment, correlation of the digital images taken from the ROI was
performed using the software Vic-2D, licensed by Correlated Solutions. Figure 2.5 provides the
contours of horizontal displacements in the ROI obtained with the DIC for different loading
stages, with the corresponding images of crack pattern and interpreted aperture based on the DIC
results. For a crack to be identified as such, a minimum jump in displacement of 5 Em between
two points was required. This threshold value provided enough resolution to determine the
location of the crack tip and was larger than the noise in the DIC data. The type of cracks (tensile
or shear) was characterized after the experiment was completed by observing the structure of the
new cracks surfaces, as described in the Introduction. A discussion on the use of DIC to
discriminate between tensile and shear cracks is provided in APPENDIX C.
The DIC results show that first two tensile cracks initiated at the external tips of the flaws at 62.8
kN (16.3 MPa), as shown in Figure 2.5(a). While the cracks propagated, two other tensile cracks
initiated at the internal tips of the flaws at 76.6 kN (19.9 MPa); see Figure 2.5(b). At 94.4 kN
(24.3 MPa), the DIC detected the initiation of the coplanar shear cracks at the internal and
external tips of the flaws (Figure 2.5(c)). Figures. 2.5(d) and (e) show the propagation of the two
coplanar shear cracks in the ligament area and also the propagation of tensile cracks at the flaws
tips, at 98.5 kN (25.3 MPa) and 101.1 kN (26.1 MPa), respectively. With further loading, an
oblique shear crack was detected at the internal tip of the top flaw at 102.9 kN (26.6 MPa), as
shown in Figure 2.5(f). At 105.6 kN (27.4 MPa), coalescence through the coplanar shear cracks
occurred (Figure 2.5 (g)). This is coalescence type I (Park and Bobet 2009). Finally, the
specimen failed at 110.4 kN (28.4 MPa), as shown in Figure 2.5(h).
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a) Load= 62.8 kN

b) Load= 76.6 kN

c) Load= 94.4 kN

d) Load= 98.5 kN
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Figure 2.5 Cracking process on 0a3a45 specimen obtained with the DIC imaging at different
loads. T and S, respectively, denote the tensile and shear cracks and are color-coded matching
with the color of transducers shown in Figure 2.4. (a) Initiation of two tensile cracks at the
external tips of the flaws, at 62.8 kN; (b) Initiation of two tensile cracks at the internal tips of the
flaws, at 76.6 kN; (c) Initiation of shear cracks at the internal and external tips of the flaws, at
94.4 kN; (d), (e) Propagation of the two coplanar shear cracks in the ligament area and also the
propagation of tensile cracks at the flaws tips, at 98.5 and 101.1 kN, respectively; (f) Initiation of
an oblique shear crack at the internal tip of the top flaw, at 102.9 kN; (g) Crack coalescence
through the propagation of the two coplanar shear cracks between the two flaws, at 105.6 kN; (h)
Specimen failure, at 110.4 kN. Specimen 0a3a45
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2.5.2! Transmitted Waves
The transmitted signals from all the compressional and shear wave transducers were recorded
continuously during the uniaxial compression experiments. The transmitted signals from the
transmitted P-waves transducers (1P and 2P) and S-waves from transducers (3Sv and 4Sv) are
shown in Figure 2.6 as a function of uniaxial load. The stacked signals show an increase in
arrival time and decrease in amplitude with increasing uniaxial load. The sensitivity of the
transmitted signals to damage initiation was examined by monitoring changes in amplitude and
arrival time of the signals with loading.
a) Transmitted P-wave (l P)

b) Transmitted P-wave (2P)
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Figure 2.6 Stacked waveforms of transmitted P- and S-waves (from transducers 1P, 2P, 3Sv, and
4Sv) through the specimen as a function of applied load. Waveforms are stacked to see the effect
of increasing uniaxial load. Specimen 0a3a45
In Figure 2.7, representative data of changes in normalized amplitude and arrival time of the
transmitted waves from transducers 1P and 2P with uniaxial compression load are plotted (the
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values of the amplitude and arrival time of the transmitted waves are normalized with respect to
their amplitude and arrival time, respectively, prior to loading, but after the honey coupling
period). As shown in Figure 2.7, the results indicate that the transmitted wave amplitudes were
sensitive to the initiation of damage. However, the wave speed decreased almost at a constant
rate with uniaxial compression load and did not show significant changes with damage initiation
(see the results of normalized amplitude and arrival time of signals from transducer 2P in Figure
2.7). This observation is in good agreement with the displacement discontinuity theory for wave
propagation across a fracture (Pyrak-Nolte et al., 1990) that shows that at high frequencies (on
the order of Megahertz), the amplitude of a body wave is more sensitive than the wave velocity
to changes in fracture properties (e.g. fracture specific stiffness). Therefore, amplitude data were
used in this study to monitor the damage process in the rock. Further details of the behavior of
wave amplitudes with compressional loading and cracking are discussed later.
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Figure 2.7 Normalized transmitted amplitude and arrival time of signals from transducers 1P and
2P with uniaxial compression loading (see inside schematic figure for transducer locations and
path of transmitted waves). The arrows indicate the detection of tensile crack (T) initiation with
seismic probe (wave) or digital image correlation (DIC). Specimen 0a3a45
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Figure 2.8 shows the changes in amplitude and arrival time of the transmitted waves from
transducers 1P, 2P, 3Sv, and 4Sv for different loading stages. As the load increased, the
amplitude of the transmitted waves at the flaw tips (2P and 3Sv, Figure 2.8(b) and 2.8(c),
respectively) decreased more than 90% prior to crack coalescence (at ~106 kN (27 MPa)), and
was associated with the previously discussed cracking process. The amplitude of the waves
transmitted through intact material (1P and 4Sv, Figure 2.8(a) and 2.8(d), respectively) decreased
less than 60% for the same range of loads (see also a comparison between the changes in
normalized amplitude of transmitted signals from transducers 1P and 2P in Figure 2.7).
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Figure 2.8 Changes in amplitude and arrival time of transmitted P- and S-waves from transducers
1P, 2P, 3Sv, and 4Sv through the specimen at different loading stages. Specimen 0a3a45
The wave velocity of the transmitted signals decreased by 10% in pre-cracked specimens and
less than 6% for intact specimens (see the changes in the normalized arrival time of the signals
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from transducers 1P and 2P in Figure 2.7). The decrease in amplitude and increase in arrival time
of the signals with compressional loading is observed in all transducers and can be attributed to:
(1) the lateral expansion of the material under uniaxial compression due to the Poisson’s effect;
and (2) the generation and/or opening of microcracks inside the material.
Figure 2.9 provides a comparison between the normalized transmitted wave amplitudes from
transducers 1P (pink circles), 2P (black triangles), and 3Sv (blue squares). The signals from
transducer 4Sv are not shown because they were similar to the signals from 1P, which also
monitors the intact portion of the rock. The amplitudes of all the transmitted waves are
normalized with respect to their amplitude prior to loading, but after the honey coupling period.
The arrows in Figure 2.9 indicate the loads corresponding to the detection of tensile (T) or shear
(S) crack initiation or crack coalescence using digital image correlation (DIC) or seismic wave
imaging (wave).
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Figure 2.9 Normalized transmitted amplitude of transducers 1P (pink circles), 2P (black
triangles), and 3Sv (blue squares) with uniaxial compression loading (see inside schematic figure
for transducer locations and path of transmitted waves). T and S denote tensile and shear cracks,
respectively. The arrows indicate the damage detection with seismic probe (wave) or digital
image correlation (DIC). Specimen 0a3a45
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The amplitude of the transmitted P- and S-waves decreased steadily with compression, as
discussed before. The rate of decrease in amplitude increased significantly at certain times during
the test. The first significant change in amplitude reduction occurred at 50 kN (12.9 MPa) and
was sensed by transducer pair 2P. This is interpreted as being caused by the damage at the
external tip of the top flaw. However, this damage (identified later in the DIC images and then
post-failure as a tensile crack) was not observed on the specimen surface until a load of 62.8 kN
(16.3 MPa, 3.3 MPa larger than the initiation stress detected by the seismic probe). The tensile
crack is shown by the black circle in Figure 2.5(a). As the transmitted waves crossed the path of
the new cracks, further reduction in normalized amplitude occurred. The normalized amplitude
of signals from transducer 1P did not change significantly until about 100 kN (25.8 MPa)
because the damage observed at the flaw tips did not reach the location of transducer pair 1P
until this load was attained.
The DIC results show the initiation of coplanar shear cracks at the internal tips of the flaws at
94.4 kN (24.3 MPa), as shown in Figure 2.5(c). However, the rate of decrease in normalized
amplitude of the signal of transducer 3Sv did not change. In other words, the initiation of a shear
crack could not be detected with transmitted shear waves. At 101 kN (26.1 MPa), a large
decrease in the normalized amplitude of all the signals was observed (Figure 2.9). This is
interpreted as crack coalescence, which was detected with the DIC at 105.6 kN (27.4 MPa, 1.3
MPa larger than the coalescence stress detected with the seismic probe), as shown in Figure 2.9.
After 101 kN, the signal amplitudes were very small because of the presence of the large and
open new cracks in the specimen (Figure 2.5(e)-(g)). Finally, the specimen failed at 110.4 kN
(28.4 MPa) as shown in Figure 2.5(h).
The seismic wave analysis was unable to identify the initiation of a shear crack, but did detect
the initiation of damage associated with tensile cracks prior to DIC. Both the transmitted Pwaves and S-waves were sensitive to damage due to new tensile cracks and crack coalescence, at
least 3.3 MPa and 1.3 MPa prior to the crack detection stress with DIC, respectively. This is
about 80-90% of the stress at which crack was detected using DIC. Crack coalescence was also
detected by seismic waves at stresses that were 1.3 MPa lower than the stress that led to
observed coalescence using DIC.
The comparison between the seismic wave amplitudes through the intact material and those
through the damaged one (e.g. signals from transducer 1P and 2P, respectively, in Figure 2.9)
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shows that the normalized amplitude of the signals did not change significantly while passing
through the intact material. This confirms that the changes in normalized amplitude of the
seismic waves was caused by damage at the tips of the flaws.
The results of the other experiments listed in Table 2.2 also showed that neither transmitted Pnor S-waves could detect the initiation of damage associated with shear cracks. Our hypothesis is
that when such damage initiates, the two potential fracture surfaces have still a tight contact. At
initiation, the shear displacements are not large enough to induce dilation that would create voids
between the two surfaces of the shear crack that could be detected by the transmitted waves.
When shear cracks propagate and reach significant lengths, i.e. enough shear displacement and
dilation have occurred, they are detected by transmitted signals.
The previous discussion demonstrates that wave transmission can be used to detect damage. For
tensile cracks, the damage is detected by the elastic waves at a lower load than by the DIC. The
difference in tensile crack initiation detection from DIC and seismic monitoring might be
explained by: 1) the three-dimensional nature of crack initiation, where damage first occurs
inside the material and then propagates toward the specimen surface; because DIC only monitors
the surface, it does not provide information on any of the changes that occur internal to the
specimen. 2) The smaller sensitivity of the DIC to damage than the seismic imaging technique. It
is interesting to note that the shear cracks may need to undergo some shear displacement/growth
to induce changes in the amplitude of the seismic waves crossing their path. It was only when the
shear crack was large enough to produce coalescence that changes in the amplitude of the
transmitted seismic waves occurred.
2.5.3! Reflected Waves
An important question is whether elastic waves can be used to not only detect the onset of
damage, as discussed in the preceding section, but also to detect the location of damage. To
address this issue, reflected P- and S-waves were also recorded and analyzed during testing.
The normalized amplitudes of the reflected signals from transducers 1P, 2P, and 3Sv, are
presented in Figure 2.10 (the signals were normalized with respect to the initial values of the
transmitted wave amplitude prior to increasing the compression load). Based on the location of
the new cracks obtained with DIC and given the wave velocity in Indiana limestone, the arrival
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time of the signals reflected from the new damage/crack was estimated (we view this as “direct
detection” of damage with reflected signals).
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Figure 2.10 Normalized amplitude of reflected signals from transducers 1P (pink circles), 2P
(black triangles), and 3Sv (blue squares) with uniaxial compression loading (see schematic figure
for transducer locations and path of reflected waves). The reflected signals originate from new
cracks. T and S denote tensile and shear cracks, respectively. The arrows indicate the crack
detection with seismic probe (wave) or digital image correlation (DIC). Specimen 0a3a45
In the figure, the black symbols represent the normalized amplitude of signals from transducer
2P reflecting from the tensile crack at the external tip of the top flaw (see inside schematic in
Figure 2.10). The arrows on this curve denote the detection of the tensile crack with DIC and
with wave analysis (start of the detection of the reflected waves). The pink symbols correspond
to the normalized amplitude of the signals from transducer 1P. The first detection of reflected
waves from transducer 1P (denoted as T in the figure) was consistent with the propagation of the
tensile crack from the external tip of the top flaw, with loading, until it crossed the signal from
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transducer 1P. Further, the arrival time of the reflected signals was also consistent with the
location of the tensile crack. Finally, the blue symbols show the normalized amplitude of the
reflected signals of transducer 3Sv from the new shear crack in the ligament area that ultimately
produced coalescence between the two flaws (see inside schematic in Figure 2.10). The arrows in
the curve indicate the loads corresponding to the detection of tensile (T) or shear (S) crack
initiation or crack coalescence, using DIC or the seismic probe (wave).
As shown in Figure 2.10, the normalized reflected signals of transducer 2P initially emerged at
50 kN (12.9 MPa), which denotes damage initiation. Before 50 kN, no reflected signal was
recorded at this location because no damage occurred at the external tip of the top flaw. The DIC
showed the initiation of the tensile crack at 62.8 kN (16.3 MPa, 3.3 MPa larger than the initiation
stress detected by the seismic probe). With additional loading, the amplitude of the reflected
wave increased, and this is interpreted as the lengthening and opening of the crack. What is
interesting is that at 60 kN (15.5 MPa), the normalized amplitude of the reflected signals reached
a maximum and then decreased after 60 kN, although the tensile crack continued to propagate.
The decrease in amplitude occurred because of the interference of the shear crack that initiated
from the same flaw tip (Figure 2.5(c)) with the reflected signals from the tensile crack. We view
this as the “indirect detection” of cracks, as we attribute the decrease of amplitude to the
propagation of the shear crack from the external tip of the top flaw, which affected the signal (the
shear crack acted as an obstacle to the reflection of the signals from the tensile crack at the
external flaw tip).
Figure 2.10 shows that the normalized reflected signal from transducer 3Sv emerged at 86 kN
(22.2 MPa). This is indicative of damage initiation in the ligament area. The DIC results showed
the initiation of two coplanar shear cracks at the internal flaw tips at 94.4 kN (24.3 MPa), as
shown in Figure 2.5(c), which was 2.1 MPa larger than the stress at which the damage was
detected with the reflected elastic waves. The amplitude of the reflected signals from transducer
3Sv sharply increased at 101 kN (26.1 MPa), as shown in Figure 2.10. A significant part of the
wave energy was reflected from the shear crack as it propagated in the ligament area. The
amplitude of the reflected signals from transducer 1P also emerged at the same load. This is
related to the tensile crack, which initiated at the external tip of the flaw and, through
propagation, crossed the signal path of transducer 1P. The amplitude of the reflected signals from
all the transducers decreased at 107 kN (27.6 MPa), which is attributed to the interference of the
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shear crack at the external tip and the tensile crack at the internal tip of the flaw (see in Figure
2.5(f) and 2.5(g)). The former was an obstacle to the reflection of the signals of transducers 1P
and 2P. The latter prevents the reflection of the signals of transducer 3Sv from the coplanar shear
crack in the ligament area.
As was observed in all the experiments, the reflected signals detected the initiation of both
tensile and shear cracks at smaller loads than the DIC, and the amplitude of the reflected waves
from a given crack increased as the crack propagated. Any reduction in the amplitude of the
reflected signal was associated with either interference caused by additional damage inside the
rock, or crack closure that might occur after coalescence. The results indicate that reflected
signals were sensitive to the initiation of damage associated to either tensile and shear cracks,
while the transmitted signals only detected the damage initiation in the form of tensile cracks. In
addition, the location of new cracks inside the material could be estimated based on the arrival
time of the reflected waves.
All the observations described are consistent with the data from all of the experiments performed
on Indiana limestone, and for all the flaw geometries listed in Table 2.2. A summary of
observations from one representative experiment for each coalescence type (I, IV, V, VIIa, and
VIIb (Park and Bobet 2009); see Table 2.2) is included in Table 2.3. The coalescence types in
Table 2.2 correspond to types 3, 7, 8, 2 (3 cracks), and 4 in Wong and Einstein (2009). In Table
2.3, columns three and four show whether damage initiation in the form of tensile and shear
cracks was detected using transmitted signals. Columns five and six show when damage was
detected using reflected waves. The damage was identified directly with the full reflection
waveforms using their expected arrival time. Identification of cracks through indirect detection
was possible when the amplitude of other reflected waves with larger arrival times decreased due
to interference of the signals with additional cracks. Column 7 in Table 2.3 provides information
on whether crack coalescence was identified using the seismic probe.
It is important to note, as shown in the table, that tensile crack initiation was detected by both
transmitted compressional and shear waves. The reflected waves were too noisy in some cases
and could not be analyzed. Within the reflected waves that could be analyzed, both
compressional and shear waves were sensitive to the initiation of tensile cracks. Shear crack
initiation was not detected with transmitted waves (even with high frequency transducers – not
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discussed here). However, reflected waves (both compressional and shear waves) were sensitive
to the initiation of shear cracks. In addition, both transmitted and reflected P- and S-waves were
sensitive to crack coalescence either through tensile and/or shear cracks.

2.6! Conclusions
Crack initiation, propagation, and coalescence in rock were examined experimentally using
transmission and reflection elastic wave propagation. Laboratory uniaxial compression
experiments were performed on Indiana limestone specimens with two parallel flaws. Digital
image correlation (DIC) was used in the experiments to monitor the damage evolution on the
specimen surface by measuring in-plane displacements. The normalized amplitude of transmitted
compressional and shear waves decreased with applied compression in both intact and precracked specimens. Laboratory experiments revealed that the initiation of damage in the material
where a tensile crack was later detected with DIC was associated with a sharp reduction of
normalized amplitude of transmitted waves. Detection of tensile crack initiation using wave
imaging was at around 80% to 90% of the crack detection load obtained using DIC. The
transmitted signals reached a minimum close to crack coalescence, which was detected with
active seismic monitoring at around 90% of the coalescence stress identified with DIC. Although
both transmitted P- and S-waves were sensitive to tensile crack initiation, they did not detect
shear cracks until a significant shear displacement and dilation occurred.
The initiation of damage at the location of tensile and shear cracks was detected with reflected
signals. In addition, the location of new cracks was determined through the arrival time of the
reflected waves. What is interesting is that the changes in transmitted and reflected amplitudes
were precursors to the cracks observed on the specimen surface using DIC. These observations
are consistent in all the experiments performed on different pre-cracked Indiana limestone
specimens. The observations of this experimental study suggest that active seismic monitoring is
a potential tool for monitoring crack initiation, propagation and coalescence, as well as for
locating new cracks in rock.
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Table 2.3 Detection of tensile and shear crack initiation and crack coalescence with transmitted and reflected waves
Flaw
Geometry

03a45

Coalescence
Type

I

Detecting damage initiation with
transmitted signals
[type of transducer used]
Tensile crack

Shear crack

Tensile crack

Shear crack

Yes

No

Yes
(indirect)

Yes
(direct)

[Sh-wave (5 MHz)]

[Sh-wave (5 MHz)]

[Sh, P-wave]

4a2a30

4a2a30

IV

V

03a45

1.5a3a60

VIIb

[Sh-wave (5 MHz)]

(shear crack
initiation was after
Yes
coalescence
(direct and indirect)
through tensile
[Sv-wave (1, 5 MHz)]
[Sh-wave (5 MHz)]
crack)

Yes

Yes
[Sh, P-wave]

VIIa

Detecting damage initiation with
reflected signals
[type of transducer used]

No

Yes
(direct and indirect)

No

Yes
(direct and indirect)

[Sh-wave (1, 5 MHz)]

[P-wave]

[Sh-wave (1, 5 MHz)]

[P, Sh-wave]

Yes
[Sh (1, 5 MHz),
P-wave]

Yes
(direct)

Yes

[Sh-wave (5 MHz)]

[P, Sv-wave]

Yes
(direct)

Yes

[Sh (1, 5 MHz),
P-wave]
[Sh-wave (5 MHz)] [Sh (1, 5 MHz), P-wave] [Sh (5 MHz), P-wave]

Yes

Yes

Coalescence

No
[Sh-wave (5 MHz)]

Yes
(indirect)
[P-wave]

Yes
(direct)

Yes
(direct and indirect)

[P-wave]

[P, Sh-wave (1, 5 MHz)]

Yes
[P-wave]

Yes
[Sh-wave
(5MHz)]
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3.! MONITORING ROCK DAMAGE CAUSED BY CYCLIC LOADING
USING SEISMIC WAVE TRANSMISSION AND REFLECTION2

! Preface
Laboratory experiments were conducted on prismatic Indiana limestone specimens with a flaw,
to examine the effect of uniaxial cyclic loading on crack growth and, most importantly, the effect
of opening/closing of the crack on transmitted and reflected elastic waves. All specimens were
initially subjected to a load that produced a small tensile crack in the form of a kink at the flaw
tips, and then were subjected to 20 loading-unloading cycles. The maximum applied load at each
cycle was the load of kink initiation and the minimum load was such that no detachment between
the specimen and loading platens occurred. After cyclic loading, the compressive load was
increased until failure. Digital image correlation (DIC) was used to observe the crack evolution
around the flaw tips and to monitor the opening/closing of the kink. At the same time,
transmission and reflection of compressional and shear waves across the specimen were
monitored. The DIC results showed that the kinks that initiated from the flaw tips completely
closed during unloading. The normalized amplitude of the transmitted waves showed a
progressive decrease with additional cycles of loading until reaching a steady-state. Such
decrease in amplitude is thought to be related to additional damage induced to the kink due to the
loading-unloading cycles.

! Introduction
The mechanical behavior of geomaterials is strongly affected by the presence of microcracks. A
large number of experiments have been done on crack initiation, propagation, and coalescence in
pre-cracked brittle materials and show that a number of cracks initiate from the tips of preexisting cracks (Reyes and Einstein 1991; Chen et al. 1992; Germanovich et al. 1994; Shen 1995;
Bobet 1997; Wong and Chau 1998b; Bobet and Einstein 1998b; Wong et al. 2001b; Sagong and
Bobet 2002; Li et al. 2005; Wong and Einstein 2006; Park and Bobet 2009). There are however
2

This chapter is adapted from the paper “Monitoring Rock Damage caused by Cyclic Loading using Seismic Wave
Transmission and Reflection” published in the proceedings of the 50th US Rock Mechanics / Geomechanics
Symposium in 2016.
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two types of cracks that are most common: tensile and shear cracks (Figure 3.1). The tensile
cracks initiate prior to the shear cracks and are stable, which means that an increase in load is
required for propagation. The shear cracks are initially stable and may become unstable as crack
coalescence and failure are approached. Two types of shear cracks have been identified, based on
their angle of initiation with respect to the flaw: coplanar or quasi-coplanar and oblique.
Coplanar shear cracks make an angle smaller than 45° with the flaw, while oblique shear cracks
make an angle larger than 45° (Park and Bobet 2009). Prior experimental work was performed
almost exclusively using monotonic loading. In addition, most of the observations in the
experiments were made based on visual inspection using optical magnification or high-speed
cameras. All of these studies have successfully identified the mechanical behavior of rock and
cracking phenomena at the laboratory scale. Microscopic characterization of new cracks inside
the material and monitoring microcrack development under low amplitude cyclic loading is a
very important topic that affects the response of fractured rock mass subjected to repetitive
loading such as vibrations, cyclic thermal loading, seismic loading from remote earthquakes,
traffic loading, and other ambient noise.

ile crack

\
Tensile crack

Figure 3.1 Types of cracks observed in pre-cracked rock specimens under uniaxial compression
Active elastic wave monitoring is a technique that has been successful to study local changes of
physical properties of materials (Boadu 1997; Kahraman 2002; Leucci and De Giorgi 2006;
Byun et al. 2015). Compressional and shear wave propagation have been effectively used in
recent studies to monitor slip initiation and propagation processes along frictional interfaces

49

(Hedayat et al. 2012). Elastic wave imaging has been also used to detect crack initiation,
propagation, and coalescence and, more importantly, the location of new cracks in pre-cracked
rocks (Modiriasari et al. 2015). Others, e.g. Rao and Ramana (1992), have used both acoustic
emission (AE) and compressional wave propagation for monitoring and studying the
development of stress-induced cracks in rock. The results from work of Rao and Ramana (1992)
indicate that wave propagation monitoring may be more effective than AE to assess damage in
cyclically loaded rock (Rao and Ramana 1992).
In the study reported in this paper, a rock specimen was subjected to cycles of compression
loading-compression unloading to examine the effect of (1) repeated loading on crack growth
and (2) crack opening and closing on elastic wave transmission and reflection. The crack
evolution was monitored using DIC imaging. Two dimensional digital image correlation (2DDIC), which was used in this study, is a practical tool for quantitative in-plane displacement and
strain measurements on planar object surfaces (Orteu 2009; Lin et al. 2014). The experimental
procedure, DIC and seismic wave monitoring strategy, as well as relevant results are presented in
the following sections.

3.3! Digital Image Correlation (DIC)
Digital image correlation (DIC) is a non-contact method to measure the displacements and
strains of planar or non-planar deforming surfaces (Sutton et al. 2008; Sutton et al. 2009; Orteu
2009).
In this investigation, the opening/closing of cracks on the specimen surface were monitored
using the two-dimensional digital image correlation (2D-DIC). This section provides information
about the fundamentals of 2D-DIC.
2D-DIC is widely used in experimental solid mechanics to measure in-plane deformations of a
planar object surface (Orteu 2009). 2D-DIC requires a fixed camera perpendicular to the object
surface (Sutton et al. 2009). However, 2D-DIC can only be used for in-plane deformations and
strains of a planar surface, the quality of measurements strongly depends on the quality of the
images, and the accuracy of strain measurements may be low. The later can be attributed to the
fact that the strains (displacement gradients) are computed as a numerical differentiation process
of estimated displacements. If the estimated displacements are noisy, the numerical
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differentiation of displacements can amplify the noise contained in the displacements. 2D-DIC is
generally not recommended for applications with strain values below 100 "m (Pan et al. 2009b).
In 2D-DIC, the digital images of the object under deformation are acquired first and then the
full-field deformation of the object surface is obtained by analyzing the images. The digital
images are taken from a region of interest (ROI) on the object surface, which is the area that is
monitored during the test. For DIC analysis, the ROI should include a random gray value
intensity distribution, which is provided by a random speckle pattern. The size of the speckle
should be such that each speckle is imaged by at least 3 pixels, so proper intensity pattern
reconstruction can be provided during the image correlation process. The first image taken
before the deformation is the reference image and all the other images taken during the test are
the deformed images. The reference image is used as the basis for comparison with the deformed
images (Sutton et al. 2009).
During the DIC analysis, a uniform virtual grid is superimposed on the ROI. A grid point
represents the intersection of two grid lines, and the displacements are computed at each grid
point to obtain the full-field displacement. The neighborhood around a grid point is the subset, a
small region that is used for comparisons between the deformed images and the reference image.
Since a subset provides a matrix of gray scale intensity values with a unique arrangement, it is
preferable and more identifiable than a single point that has a single gray intensity value (Sutton
et al. 2009).
The correlation process between the subsets of deformed images and the reference image is done
using statistical correlation criteria in the subsets. Cross Correlation (CC) and Sum of Square
Differences (SSD) are the two most common correlation criteria used in DIC to find the most
similar subset between the deformed and reference images. The CC and SSD criteria have three
different forms: (1) the original form (CC and SSD); (2) the Normalized form (NCC and NSSD);
and (3) the Zero Normalized form (ZNCC and ZNSSD). Among all the forms, the CC criterion is
more computationally efficient than the SSD criterion. In addition, the zero normalized form is
insensitive to any offset in the illumination lighting and pixel intensity values and reduces data
noise (Pan et al. 2009b). Therefore, the ZNNC correlation criterion is used for this study and is
explained in more detail.
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Figure 3.2 shows an example of a reference and deformed subset and the displacement vector (d)
of a grid point #(%& , () ). The subset includes 2M+1 pixels.

Figure 3.2 Reference and deformed subset and matching process (Pan et al. 2009b)
The degree of correlation between the deformed and the reference subsets can be obtained by the
correlation coefficient in Eq. (1).
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The range of ZNCC coefficient is between 0 (no matching subset) and 1 (perfectly matching
subset). An example of correlation coefficient distribution is shown in Figure 3.3.

c:::::>

Figure 3.3 Example of full-field cross-correlation coefficient distribution (Orteu 2009)
For a perfectly matching subset, there is no difference between the intensity of pixels in the
reference and deformed subsets. The position of the deformed subset with respect to the
reference subset corresponds to the maximum value of the correlation coefficient distribution.
The full-field displacement of the ROI is obtained by implementing the same procedure for all
the grid points (Pan et al. 2009b).

3.4 ! Experiments

3.4.1! Specimen Preparation
Prismatic specimens of Indiana limestone with a single flaw were prepared and tested under
cyclic uniaxial compression. The rock is a light gray limestone with grain size ranging from 4002400 "m, a density of 2,326 kg/m3, 15-25% porosity, an unconfined compression strength (UCS)
of 47 MPa, and Young’s modulus of 7.4 GPa. Preliminary tests showed that the samples were
not isotropic (details on sample anisotropy are provided in APPENDIX B) and the bedding
planes were aligned along the XY plane (Figure 3.4). The average velocities of P and S-wave
across different dimensions of the sample were 4,380 and 2,570 m/s, respectively.
Blocks of Indiana limestone were first cut into prismatic specimens using a water saw, which
provided flat, smooth, and parallel surfaces. The dimensions of the finished blocks were 203.2
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mm high, 101.6 mm wide, and 38.1 mm thick. A 25.4 mm long through-going pre-existing crack
(flaw) was cut into the specimen using a scroll saw with a 3/4 mm blade. The aperture of the flaw
was roughly 1 mm. The flaw was inclined at 60° to the loading direction (Figure 3.4).
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Figure 3.4 Specimen and flaw geometry
3.4.2! Experimental Set-up and Flaw Geometry
All the Indiana limestone specimens were subjected to cyclic uniaxial compression along the “Y”
direction (Figure 3.4). The compression was applied by an Instron loading machine. The
experimental set-up is shown in Figure 3.5. A Teflon film and a thin layer of petroleum jelly
were placed at the top and bottom between the surface of the specimen and the loading platens to
minimize potential friction and stress concentration on the loaded surfaces.
The tests consisted of two steps. During the first step, the specimen was subjected to 20 cycles of
loading and unloading. In the first cycle, the uniaxial compression load was applied at a constant
displacement rate of 0.04 mm/min until a small kink, i.e. a small tensile crack, was created at the
flaw tips (at about 60 kN or 15.5 MPa, given the specimen dimensions). Once the kink was
observed, the specimen was unloaded to about 7.7 kN (2 MPa), to ensure that the specimen
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remained under compression such that no detachment between the specimen and the loading
platens occurred. In the next nineteen cycles, the maximum applied load during each cycle was
the load at which the kink was detected (i.e. 60 kN, note that the kink was already created in the
first cycle and only needed to reopen in the loading stage of the following cycles) and the
minimum load was 7.7 kN. Step two (after the cycles of loading and unloading were completed)
consisted of monotonically increasing the load, at the rate of 0.04 mm/min, until failure. The
applied load and vertical displacement (in the “Y” direction) were automatically recorded by the
loading machine. Figure 3.6 shows a typical load-displacement plot for 20 cycles and monotonic
loading until failure.

)-x
z
Figure 3.5 Experimental set-up
A small square surface (50.8 mm in size) around the flaw was selected as the ROI for DIC
imaging. A random speckle pattern was created, as shown in Figure 3.5. A charge-coupled
device (CCD) camera was used to record the images of the ROI during the test. A Grasshopper
(Point Grey) CCD camera with 2448×2048 effective square pixels in combination with a 50 mm
focal length lens (model HF50SA1 Fujinon) was employed to obtain the digital images every 10
sec during the entire cyclic test. After the test, a ZNNC matching process was performed on the
intensity value of the digital images to obtain the displacement and strain fields on the ROI.
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Given the size of the observation area, 50.8 mm, a magnification factor of 28 "m/pixel was
obtained, which is small enough for accurate deformation measurements.
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Figure 3.6 Load (N)-displacement (mm) results of a uniaxial compression cyclic loading test
Compressional (P) and shear (S) wave pulses propagated through the specimen in a direction
perpendicular to the applied stress, as shown in Figure 3.5. P- and S-wave transducers were
placed on each side of the specimen using steel plates for support. Four springs with a constant
tension of 70 kPa were used to hold the steel plates on the sides (Figure 3.5). Two pairs of
transducers (2S, 3P in Figure 3.5) were aligned with the top and bottom tip of the flaw,
respectively, to probe the opening/closing of the cracks at the tips during cyclic loading. The
other two pairs of transducers (1P, 4S) were placed far away from the flaw tips to monitor any
change in the intact material (with no damage) during the experiment. In all the experiments, the
sources were placed on the right and the receivers on the left hand side of the specimen.
Panametrics V103RM P-wave and V153RM S-wave transducers were used in the experiments.
Transducers 1P, 3P, and 4S had a central frequency of 1 MHz. However, the central frequency of
transducers 2S was 5 MHz to assess the sensitivity of higher frequency and smaller wavelength
signals in detecting damage during cyclic loading. All the S-wave transducers were polarized
horizontally along the “Z” direction (Figure 3.5). A 400 V square wave with a repetition rate of 5
kHz was used to excite the transducers.
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Honey was used as the coupling agent between the transducers and the rock surface. The honey
was dehydrated for 90 minutes at 90℃ in an oven. To prevent penetration of the honey into the
limestone pores, a thin plastic tape was attached to the specimen surface before applying the
honey. Prior to testing, the specimen was subjected to a constant compression of 2 MPa for four
hours. This load was small enough such that no crack was induced inside the material. This was
done to ensure that the amplitude of all the signals reached a constant value and the honeycoupling process was complete. The P- and S-wave signals of all four pairs of transducers were
transmitted and reflected every 5 sec during the cyclic loading test. A seismic imaging array
controller and a computer-controlled data acquisition were used to record the full waveform of
the signals.

3.5! Results
Figure 3.7 shows the waveforms of the transmitted signals from transducers 1P, 2S, 3P, and 4S
(the location of transducers is shown in Figure 3.5) during and after the cyclic loading. It is
observed that the amplitude of the signals from all the transducers decreased and the arrival time
increased during the loading portion of each cycle. The opposite, i.e. increase in amplitude and
decrease in arrival time, was observed during the unloading portion of the cycles. After the
cyclic loading, attenuation in transmitted wave amplitude and reduction in wave velocity was
observed as the sample was loaded monotonically until failure.
Different characteristics of the elastic waves such as amplitude and velocity were analyzed in an
attempt to correlate measurements with the observed behavior of the kink, namely opening,
closing and propagation, during cyclic and monotonic loading. It was found that wave velocity
was not as sensitive as the normalized amplitude to the opening and closing of the kink. This is
in agreement with previous findings that suggested that wave amplitude is better suited than
wave velocity for problems involving changes of fracture properties (Pyrak-Nolte et al. 1990b;
Modiriasari et al. 2015) at laboratory frequencies. In this study, the normalized amplitude of the
signals was used to evaluate the rock behavior during each cycle. The amplitude of each signal
was normalized with respect to its initial value before applying the cyclic loading.
As mentioned, the vertical load was first increased until a tensile kink initiated at the tip of the
flaws in the first cycle. The DIC shows that a kink appeared at the bottom tip of the flaw at 40 kN
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(10.3 MPa) and another one at the top tip at 53 kN (13.7 MPa). After the kinks were produced in
the first cycle, nineteen cycles of compression loading and unloading were performed; each cycle
had a maximum load of 60 kN, slightly higher than the load that caused kink initiation during the
first cycle loading stage.
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Figure 3.7 Stack of transmitted P- and S-wave waveforms during a representative test
Figure 3.8 shows the results of a typical cyclic loading test at different stages of loading (note
that the plots in the figure start at the beginning of the load cycles and also include the results of
monotonic compression after the cyclic loading).
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Figure 3.8 Normalized amplitude of transmitted signals from transducers 1P (black) through the intact material and 3P (green) through
the bottom tip of the flaw (the location of transducers is shown in Figure 3.5), including contour plots of horizontal displacement and
detection of cracks. (a) Detection of tensile kink during the second cycle loading stage, at 40 kN; (b) Lengthening of the tensile kink
during the second cycle loading stage, at 59 kN; (c) Closure of the tensile kink during the unloading stage of second cycle, at 31 kN; (d)
Further propagation of tensile crack after cyclic loading, at 67 kN; (e) Minimum transmission of all the signals due to lengthening and
opening of tensile cracks, at 99 kN; (f) Propagation of tensile and shear cracks close to specimen failure, at 112 kN
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The left plot in each sub-figure provides snapshots of the normalized amplitude of transmitted
signals, at a given load, from transducers 1P (black), through the intact material, and 3P (green)
through the bottom tip of the flaw (the location of transducers is shown in Figure 3.5). The
results of only these two transducers are presented for clarity, as the observations from the other
transducers are similar and thus the conclusions reached are also similar. Note that a red dot, one
for the 1P-transducer and one for the 3P-transducer, indicates the values of amplitude and load.
In each of the figures in Figure 3.8, the right graph shows the DIC results. The top-right displays
the horizontal displacement contour plots obtained with DIC and the bottom-right, the crack path
detected and interpreted from DIC data. The DIC results showed that during the cyclic loading,
no propagation of the kink occurred, indicating that, given the number of cycles imposed, the
tensile cracks were stable. This verifies the previous findings that the tensile cracks propagate in
a stable manner (Park and Bobet 2009).
There were important differences in the evolution of the amplitude of transmitted waves through
the intact rock (black plots) and through the damaged rock (i.e. through the tensile kink; green
plots). During the load cycles, the amplitude measured by 1P-transducer was constant. This
indicates that no damage was induced in the rock far from the flaw. The amplitude of the
transmitted waves from transducer 3P shows a significant evolution during the cycles of loading.
Figure 3.8(a) shows that loading during the first cycle was associated with a large decrease in
amplitude, and recovered upon unloading. However, at the end of the first cycle, the amplitude
was much smaller than at the start of the first cycle. This decrease in amplitude indicates that
permanent damage to the material occurred after just one cycle.
A similar evolution is observed with each new cycle of loading-unloading, with an additional
decrease in amplitude with the loading, an increase in amplitude with the unloading, with a
progressive reduction of normalized amplitude with each cycle (Figure 3.8(a) to 3.8(c)). It is
interesting to note that the reduction in amplitude was significant during the first cycle, much
smaller during cycles two to about five, and reached a somewhat steady-state after about five
cycles. The first few cycles were characterized by a strong non-linear and hysteretic behavior of
the normalized amplitude, with the loading path having higher values than during the unloading
path. After the first few cycles, the non-linear behavior remains, but the paths of the normalized
amplitude during loading and unloading are repetitive, i.e. no changes are observed with new
cycles. After twenty cycles, the load increased monotonically until failure. Graphs of normalized
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amplitude from two transducers at different load levels are shown in Figure 3.8(d) to (f). A
decrease in the transmitted amplitude occurred with increasing load until a complete loss of
transmission, Figure 3.8(e), at 99 kN (25.6 MPa).
The evolution of the transmitted waves during the experiment was analyzed in conjunction with
the data from the DIC. In Figure 3.8(a), the interpretation of the DIC displacements, points
towards the detection of the kink at 40 kN. That is, the kink that was formed at the end of the first
cycle loading stage closed during the unloading and reopened at 40 kN during the loading portion
of the second cycle. Up to a load of 40 kN, the normalized amplitude of the transmitted waves
decreased during loading, but moderately, which can be associated with a reduction in the
contact between the two surfaces of the crack, as they opened. Once the kink was open, which is
necessary to detect it with DIC (Figure 3.8(a) and 3.8(b)), the reduction of the normalized wave
amplitude was dramatic. With unloading, the kink closes (see e.g. Figure 3.8(c)), the contact
between the kink faces increases, and the normalized amplitude of the transmitted waves
increases.
Figure 3.8(a) to (c) show the evolution of the kink, opening and closing, with the loading and
unloading (see right-bottom graphs in each figure). The DIC did not measure the tensile kink (i.e.
completely closed) at about 31 kN (8 MPa) (Figure 3.8(c)). It is also important to note that the
kink, with increasing cycles, was detected at smaller loads, from 40 kN during the first cycle, to
30 kN at approximately cycle five. After that, the kink was detected at similar loads.
Thus, the normalized amplitude of the transmitted waves follows the cycles of loading and
unloading and shows a reduction in amplitude as the kink opens during the loading part of the
cycle, and increases during the unloading part. Given that the changes in amplitude were much
larger during the first few cycles (up to about cycle five in the experiment shown in Figure 3.8),
it is hypothesized that the closing and opening of the kink caused damage to the surfaces of the
kink due to e.g. local locked-in stresses, local shear, different points of contact during cycles, etc.
resulting in cumulative damage to the asperities, which in turn is detected as a reduction of
transmitted amplitude. Any additional damage seems to be small after cycle five, which results in
a quasi steady-state of the normalized transmitted amplitude. This state is characterized by a nonlinear path, with a first portion about linear, until about 25 kN (6.5 MPa) load, and a non-linear
portion until the end of the loading part of the cycle. The first portion correlates well with the
opening of the kink that, as mentioned, can be detected with DIC at about 31 kN. The non-linear,
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almost flat, portion can be attributed to interference, as the length of the kink is not large enough
to prevent transmission completely. The signals from transducer 1P (black symbols in Figure
3.8), that samples the intact material, did not show significant changes in amplitude during the
cyclic loading. This indicates that all the observations associated with the kink are not the result
of changes/damage to the matrix of the rock, but to the presence of the kink.
After the twenty cycles of loading-unloading were completed, the specimen was taken to failure.
As the load increased, the tensile kinks propagated, as shown in the DIC results of Figure 3.8(d),
and the normalized amplitude of waves from transducer 3P further decreased. In addition, the
normalized amplitude of signals from transducer 1P started to decrease after 60 kN since the
illuminated region by 1P-transducer was also affected by propagation of the tensile kink. In
Figure 3.8(e), shear cracks from the flaw tips are detected, and the tensile cracks have reached
the location of transducer 1P. At 99 kN, the cracks are large enough to prevent transmission
through the specimen. Failure occurred at 120 kN (31 MPa) when tensile and shear cracks
propagated to the top and bottom surfaces of the specimen.
During the cyclic loading, the normalized amplitude of the reflected waves did not change
significantly. Only a small increase in normalized amplitude was observed that is associated with
the response of the intact material to the load. Our hypothesis is that the kink (tensile crack) was
very small during the cyclic loading; too small crack to reflect any significant amount of signal
energy. Reflected signals were detected during loading after the end of the cyclic stage, when
larger cracks, with larger apertures were observed.

3.6! Conclusions
A set of experiments was conducted on Indiana limestone specimens, with a single flaw, to
investigate the effect of cyclic loading on the characteristics of transmitted and reflected waves.
The specimens were loaded first in compression until a small kink was produced at the tips of the
flaw. Afterwards, nineteen cycles of loading and unloading were imposed, with 60 kN maximum
load and 7.7 kN minimum load. The damage process in the rock was followed by monitoring
wave transmission and reflection through the specimen, as well as through digital image
correlation (DIC) analysis. Using the DIC technique, the in-plane deformations of the face of the
specimen where the flaw was produced were measured.
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The amplitude of transmitted compressional and shear waves was found to be sensitive to tensile
kink opening and closing and to the accumulation of damage to the kink faces during the cycles
of loading.
The DIC results showed that the tensile kinks at the flaw tips opened during the loading part of
each cycle and closed during the unloading part. It was found that, as the number of cycles
increased, the load at which the crack opened, decreased. The physical phenomena, as observed
through the DIC, resulted in important changes on the amplitude of the transmitted waves.
The test results clearly showed that the cycles of closing and opening caused additional damage
to the kink, which resulted in highly non-linear hysteretic loops of the amplitude of the
transmitted waves. The amplitude, as well as the hysteretical behavior, decreased with the
number of cycles, until a quasi steady-state was reached.
This final stage had two regimes: the first one with an almost linear decrease of the amplitude
with loading, and the second with almost constant amplitude. This behavior is attributed to the
progressive opening of the kink resulting in a decrease of transmission. Once the kink is open, no
further changes in the amplitude occur.
The changes in amplitude of transmitted waves were not observed in intact material, which
supports the notion that they are associated to the processes that occurred in the kink during the
cyclic loading.
In contrast, the amplitude of reflected waves was not sensitive to the initiation of the tensile
kinks or to their opening and closing during the cyclic loading. We interpret this as having the
length of the kink below the sensitivity threshold of the reflection waves. However, after the
cyclic loading, as the length and aperture of the tensile and shear cracks increased, changes of
amplitude of the reflected waves were detected.
The results of this study show that seismic wave imaging is an effective method to monitor
opening and closing of existing discontinuities during cycles of loading, as well as to detect any
additional damage.
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4.! EMERGENCE OF S- TO P-WAVE CONVERTED-MODE DURING
SHEAR CRACK INITIATION3

! Preface
Shear cracks are induced between two pre-existing parallel flaws in prismatic Indiana limestone
specimens under uniaxial compression. At the onset of damage, shear (S) waves are converted to
compressional (P) waves because of the presence of an array of disconnected microcracks. The
emergence of converted S- to P-waves occurs prior to the detection of crack initiation on the
specimen surface using digital image correlation (DIC). However, the amplitude of the
transmitted S-waves through the shear crack does not change significantly prior to shear crack
initiation. The amplitude of the transmitted S-waves decreases while the converted S- to P-waves
increase in amplitude as a shear crack propagates until crack coalescence. The inception of the Sto P-wave converted mode supports the use of elastic wave conversions as an active diagnostic
tool to examine the initiation and propagation of shear cracks at a microscopic scale.

! Introduction
Stick-slip frictional instabilities have been continuously investigated in previous studies as the
most likely mechanism for shallow earthquakes (Brace and Byerlee 1966; Byerlee 1970; Brace
1972; Byerlee 1978; Scholz 1998; Jaeger et al. 2007). Because of the limitations in our
techniques to illuminate the interior of a rock mass, prediction of earthquakes triggered by stickslip events is a fascinating but challenging problem. Previous laboratory studies show that active
monitoring geophysical methods, in particular, compressional (P) and shear (S) wave
transmissions and reflections, are a promising approach to determine the shear strength and state
of the stress across discontinuities (Jaeger 1971; Nakagawa et al. 2000; Toomey and Nakagawa
2003), and to observe precursors well before slip or failure occur along the discontinuity (Chen
et al. 1993; Hedayat et al. 2014a).
Active seismic wave propagation has drawn great attention as a method for predicting rock mass
behavior because local changes in the physical properties of rocks and their discontinuities affect
3

This Chapter is extracted from the draft manuscript “Emergence of S- to P-wave Converted-Mode during Shear
Crack Initiation”, to be submitted for publication.
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seismic wave attenuation and velocity (Pyrak-Nolte et al. 1990a; Chen et al. 1993; Savic et al.
1994; Pyrak-Nolte 1996; Boadu 1997; Nakagawa et al. 2000; Kahraman 2002; Leucci and De
Giorgi 2006; Shao and Pyrak-Nolte 2013; Hedayat et al. 2014a; Byun et al. 2015). Pyrak-Nolte
et al. (1996) experimentally observed the inception of Rayleigh-mode fracture interface waves
from bulk-shear waves as a tensile fracture formed in a Brazilian test. Moreover, Pyrak-Nolte
and Roy (2000) examined the emergence of a compressional-mode interface wave from a
compressional body wave as a tensile fracture was induced through the linkage of microcracks in
a sample under Brazilian loading. They observed that the energy was partitioned from the bulk
compressional wave into interface waves long before failure, i.e. prior to the macroscopic
formation of the fracture. Previous work has shown that active seismic wave transmission
successfully detected the initiation, propagation, and coalescence of mechanically-induced
tensile cracks in rock (Modiriasari et al. 2017). More importantly, the location of new cracks
inside the rock was determined from the arrival time of reflected modes. However, this work
showed that while transmitted P- and S-waves could detect tensile crack initiation, it did not
provide sufficient information to detect shear crack initiation.
Experimental observations using scanning electron microscopy (SEM) have shown that when the
failure driving mechanism includes a strong shear stress component, the resulting damage arises
in the form of oriented microcracks (Goncalves da Silva 2016). Previous studies have found that
P- and S-waves impinging at normal incident on a partially closed fracture, subjected to shear
stress, generated converted S- and P-waves (Nakagawa 1998; Nakagawa et al. 2000). Nakagawa
et al. (2000) showed that when a shear-induced fracture consists of an array of oriented
microcracks, elastic wave conversions emerge across the fracture even if the seismic waves are
normally incident to the fracture (Figure 4.1(a)).
In Nakagawa et al. (2000), the behavior of the elastic waves scattered by a fracture zone
containing oriented microcracks is examined for a fracture subjected to shear stress. They
showed that elastic wave conversion is associated with the cross-coupling stiffness and
compliance of the fracture, consisting of an array of oriented microcracks that dilate under shear.
Cross-coupling stiffness arises due to the redistribution of local contacts on the surface of the
sheared fracture. For example, when an S-wave is normally incident to a fracture, the shear stress
causes shear and normal displacements (particle motions) across the fracture. The magnitude of
the induced shear displacements depends on the shear stiffness of the fracture, while the
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magnitude of the normal displacements is associated with the cross-coupling stiffness. The shear
and normal displacements cause the partitioning of the wave energy into transmitted and
reflected S and S-to-P waves, respectively.
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Figure 4.1 Mechanism generating cross-coupled waves for normal incident plane waves, (a) the
generation of a converted S-wave by a normal incident P-wave; (b) changes in transmission,
reflection, and conversion coefficients with the normalized frequency
Nakagawa et al. (2000) extended the displacement discontinuity theory for wave propagation
across a fracture (Schoenberg 1980; Pyrak-Nolte et al. 1990a; Pyrak-Nolte 1996) to explain the
shear-induced conversion of seismic waves. The displacement discontinuity model assumes
continuous stresses but discontinuous displacements across the fracture. The magnitude of the
displacement discontinuity is inversely proportional to the normal and shear specific stiffness of
the fracture (the diagonal terms in the stiffness matrix). In the extended displacement
discontinuity (Nakagawa et al. 2000), the coupling terms (off-diagonal terms of the stiffness
matrix) are added to the specific fracture stiffness (as shown in Figure 4.1(a)) and compliance
matrices to interpret the scattering of elastic waves into transmitted, reflected, and converted
waves. The specific compliance of a fracture is defined as the inverse of its specific stiffness.
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Figure 4.1(b) shows the changes in the transmission (!" ), reflection (%" ), and conversion
(")

(")

(!& , %& ) coefficients with the normalized frequency for normal incident waves. They found
that the coefficients of transmission, conversion, and reflection are a function of fracture stiffness
(normal, shear and cross-coupling stiffnesses), normalized frequency ()/+ (where ( is the
angular frequency of the wave, ) is the seismic impedance defined as the product of the density
and phase velocity of the half-spaces of the fracture, and + is the fracture stiffness), and the
incident angle of the wave. The normal specific fracture stiffness (+,, ) is ratio between the
normal stress applied to the discontinuity and the normal displacement produced. Analogously,
shear specific fracture stiffness (+-- ) is the ratio between the shear stress acting on the fracture
and the tangential displacement induced. The cross-coupling stiffness (+-, or +,- in Figure 4.1
(a)) are defined, respectively, as the ratios between the tangential and normal stresses applied to
the fracture and the normal and tangential displacements produced. As shown in Figure 4.1(b),
when the normalized frequency increases (the fracture stiffnesses decreases), the transmission
coefficient decreases and the reflection coefficient increases. The conversion coefficient initially
increases and then decreases with the normalized frequency.
At scales larger than laboratory, seismic wave conversions have been effectively used in
reflection seismology to explore the earth’s subsurface. In the converted-wave method, the P
energy propagates downwards and reflects back as an S-wave from the deepest point of
penetration. P-S seismic exploration has a large number of applications, e.g. for lithology
discrimination (e.g., sand/shale), carbonate identification, and reservoir monitoring (Stewart et al.
2002). Moreover, the use of P-S converted phases is a very effective method for providing
information on anisotropy and fracture intensity (Ata and Michelena 1995; Dueker and Sheehan
1997; Jones and Phinney 1998; Li et al. 1998; Shen et al. 1998; Kosarev 1999; Zhu LP 2000;
Stewart et al. 2002). Stewart et al. (1995) related the time separation between converted P-to-S
waves with different polarizations to fracture density of the target region and then the fracture
direction was related to the orientation of the fast S-wave polarization.
In this dissertation, the experimental results demonstrate that shear crack growth can be
monitored using converted S- to P-waves. It is also shown that transmitted and reflected P- or Swaves are not sufficient to detect shear crack growth as discussed in Chapter 2. Through the
extended displacement discontinuity theory, it is shown that the energy partitioning can be
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related to the angle of incidence of elastic waves and orientation of the microcracks by
measuring the shear-induced wave conversions. In the following, the results of laboratory
ultrasonic tests performed on pre-cracked Indiana limestone specimens with two parallel flaws
are presented. In the experiments, the geophysical measurements are coupled with the full
displacement field on the specimen surface obtained using digital image correlation (DIC),
which was employed to monitor crack initiation and propagation on the rock surface.

! Experimental Methods
Prismatic specimens of Indiana limestone with two parallel pre-existing cracks were prepared to
determine the seismic signatures of shear crack initiation and growth under uniaxial compression.
The material properties and dimensions of the samples are given in Table 4.1. The samples
exhibited seismic anisotropy that corresponded to the planar bedding in the samples (parallel to
the XY plane in Figure 4.2(a)). The sample anisotropy and S-wave velocities in different
directions of the sample are discussed in detail in APPENDIX B (section B.1.2.3). The values of
wave velocities in Table 4.1 are the average velocities across different dimensions of the sample.
Table 4.1 Dimensions of the samples and physical and mechanical properties of intact Indiana
limestone
Dimensions (mm)
203.2 × 101.6 × 38.1

. (kg/m3)
2326

UCS (MPa)
47

E (MPa)
7415

VP (m/s)
4380

VS (m/s)
2570

Two flaws (the term flaw will be used for the pre-existing cracks) were cut through the thickness
of the specimen using a scroll saw. The aperture of the flaws was ~1 mm. The geometry of the
flaws is defined by, 012, which denotes the spacing between the flaws (S), continuity (C), and
inclination angle (2), as shown in Figure 4.2(a). The measurements are given in multiples of a,
which is half of the flaw length and is equal to a = 9.525 mm. The length of the flaws (L) was 2a
(19.05 mm). In this study, samples with flaw geometries 1a2a60 and 0a2a45 were used. 1a2a60
describes a two-flaw system with spacing 0 = 1a4= 9.525 mm, continuity 1 = 2a4=419.05 mm,
and flaw inclination angle 2 = 600. These geometries were selected because flaw coalescence
occurs through shear cracks (Park and Bobet 2009). At least three experiments were performed
for each geometry to test the repeatability of the results.
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Initial Flaws

~egion of Interest
m DIC

Figure 4.2 Test geometry. (a) Flaw geometry; and (b) Set-up for seismic wave monitoring
Samples were loaded in uniaxial compression using an Instron loading machine with a constant
displacement rate of 0.04 mm/min. The direction of loading was parallel to the “Y” direction in
Figure 4.2(a). A Teflon film (with thickness of 0.05 mm) coated with a thin layer of petroleum
jelly was placed in contact with the loading platens to minimize the friction between the rock and
platen and reduce the potential stress concentration on a specimen. The applied load and
displacement in the “Y” direction were recorded every second throughout the duration of an
experiment, from initial loading until failure of the sample.
Concurrently, ultrasonic transducer arrays were used to send and receive P- and S-waves during
crack propagation. A source and a receiver array (each with five transduces) were held in place
with steel plates. The plates were held on a sample with four springs, which were under 70 kPa
tension. The experimental set-up for specimen 1a2a60 is shown in Figure 4.2(b). The ultrasonic
transducers (Panametrics V103RM P-wave and V153RM S-wave transducers) had a central
frequency of 1 MHz. Square wave pulses were generated with an amplitude of 400 V and a
repetition rate of 5 kHz. A pair of P-wave transducers (2P) was aligned with the external tip of
the top flaw and a pair of S-wave transducers (4S) was aligned close to the external tip of the
bottom flaw to monitor the initiation and propagation of any new crack (Figure 4.2(b)). A pair of
S-wave transducers (3S) was used between the two flaws to monitor the initiation of new cracks
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in the ligament area, crack propagation and coalescence between the two flaws. This pair of
transducers (3S) were polarized vertically, parallel to the “Y” direction in Figure 4.2(a). The last
two pairs of transducers, 1P and 5S, were placed far from the flaws and were used as a baseline
for signals propagating through the intact material.
Before an experiment was conducted, a layer of oven-baked honey was applied to establish good
coupling between the sensors and the specimen. The honey was baked at 90 ℃ for ~90 minutes
until 5% of the moisture evaporated. The specimen surfaces were covered with a layer of
adhesive tape to prevent the penetration of honey inside the pores of the sample. After
monitoring of the transducer arrays, the sample was subjected to a stress of 2 MPa for four hours
to enable equilibration of the coupling and stable signals (i.e. constant amplitudes). Afterwards,
the specimens were loaded in uniaxial compression until failure. Full waveforms were recorded
every second for the entire array using a Labview-controlled data acquisition system.
Crack growth was also monitored on the specimen surface using digital image correlation (DIC).
Two-dimensional digital image correlation (2D-DIC) was used to measure the surface
displacements on the region of interest (ROI, gray square in Figure 4.2(b)). A Grasshopper
(Point Grey) CCD camera with 2248×2048 pixels in combination with a Fujinon lens (Model
HF50SA-1) with a focal length of 50 mm were used to capture digital images during the
experiment. DIC images were taken at a rate of 2 frames/sec. After the experiment, the digital
images were analyzed using the Vic-2D software (licensed by Correlated Solutions). In DIC
analysis, digital images acquired during deformation (deformed images) are compared to a
digital image from before deformation (reference image) to measure the full-field displacements
and strains in the ROI on the specimen surface (Chu et al. 1985; Sutton et al. 2009; Pan et al.
2009b). The ROI has a random speckle pattern with a random gray value intensity distribution.
For the analysis, the ROI is divided into small subsets with a uniform grid. The advantage of
choosing a subset rather than a single point is the unique arrangement of gray-scale intensity
values in the matrix of a subset. The displacements are determined by a correlation algorithm
that compares the deformed subsets with the reference subset (Pan et al. 2009b). Optimal
matching between the deformed and reference subsets is found when the correlation between the
two subsets reaches an extremum. The displacement is calculated as the difference between the
new position of the deformed subset (coordinate of the extremum position) and the center of the
reference subset (Sutton et al. 2009; Pan et al. 2009b; Lin and Labuz 2013; Hedayat et al. 2014b).
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4.4! Results

Two series of experiments were conducted to monitor the onset of a shear cracking and to
examine the effect of the angle of incidence on seismic wave propagation across shear cracks. In
the first series of tests, incident waves were propagated at nearly normal incidence to the shear
cracks between two flaws to investigate shear crack formation. Figures 4.3(b)-(g) show the
evolution of shear crack formation in specimen 1a2a60, obtained from the interpretation of the
DIC images. A crack was identified when a jump in horizontal displacement of 5 6m occurred
between two adjacent points. This threshold value was larger than the noise in the DIC data and
provided sufficient resolution to determine the location of the tip of any new crack. From the
DIC measurements (Figures 4.3(b)-(g)), the initiation of shear cracks from the internal tips of the
two flaws was detected at a load of 88 kN or normal stress of 22.7 MPa. As the load increased,
the shear cracks propagated until coalescence occurred at about 92 kN (23.8 MPa).
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Figure 4.3 Specimen 1a2a60. Normalized amplitude of transmitted signals from transducers 1P,
2P, 3S, 4S, and 5S with uniaxial load (see the photo of the specimen for transducer locations and
path of transmitted waves). The arrows indicate the detection of tensile crack (T) and shear crack
(S) with seismic probe (wave) or digital imaging (DIC); and initiation and propagation of cracks
at the flaw tips with load, obtained from DIC results
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The DIC results showed that the shear crack propagation path between the two flaws was nearly
perpendicular to the incident waves from transducer 3S (Figure 4.2(b)). Transducer 3S was
selected for the analysis because the signals from 3S crossed the path of the shear cracks as they
propagated between the flaws. Crack coalescence occurred in the ligament region through the
connection of the shear cracks forming at the internal tips of the two flaws (Figure 4.3(e)). In
addition to transducer pair 3S, two transducer pairs, 1P and 5S, were used to monitor elastic
waves transmitted through the intact material to serve as reference signals. One transducer pair,
2P, was aligned with the external tip of the top flaw to monitor tensile crack initiation and
propagation in the rock. The other transducers pair, 4S, was used to monitor the propagation of
the tensile crack originating from the external tip of the bottom flaw.
Transmitted and reflected waves were measured in the experiments. The normalized transmitted
wave amplitudes of the signals from all of the transducers are shown in Figure 4.3(a) as a
function of load. The amplitudes are normalized with respect to their amplitude prior to
increasing the load (at the stress of 2 MPa). As shown in Figure 4.3(a), the amplitude of the
transmitted waves decreased with uniaxial load. This is attributed to the formation or opening of
microcracks in the rock because the decrease is observed in the signals propagating in the intact
material as well as between the flaws. The signals from transducers 2P monitored the onset of
damage and propagation of tensile cracks at the external tip of the top flaw and are similar to the
results discussed in Chapter 2, section 2.5.2 (Modiriasari et al. 2017). As mentioned in Chapter 2,
the rate of decrease in amplitude of the signals from transducer 2P changes prior to the crack
detection using DIC (as shown with black arrows in Figure 4.3(a)). As observed in Figure 4.3(a),
shear crack initiation did not affect the transmitted signals from transducer 3S (the shear crack
detection load with DIC is shown with a blue arrow in Figure 4.3(a)). The transmitted wave
amplitudes from all of transducer pairs reached a minimum at crack coalescence at 92 kN (23.8
MPa).
Figure 4.4 displays the signals from transducer pair 3S. The inset in Figure 4.4 (on the left)
provides an 18-6s window of the received transmitted waves between 22 and 40 6s collected
from transducer 3S for selected loads. The P-wave arrives at ~25 6s. Starting at a load of ~67 kN,
a second wave emerges around an arrival time of 34.7 6s that corresponds to the arrival time of a
converted S- to P-wave. The arrival time of the converted S-to-P signals associated with the
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forming shear crack is consistent with the location of the shear crack obtained with the DIC at a
load of 88 kN (22.7 MPa) (Figure 4.3(c)). The amplitude of the P-waves decreased as energy was
partitioned into the converted S- to P-waves, leading to an increase in the S- to P-wave amplitude
with increasing load until close to failure.
Also shown in Figure 4.4 are the normalized amplitudes of transmitted S-wave (blue circles),
converted S- to P-wave (purple triangles), and reflected S-wave (green squares) from transducer
3S as a function of compression load. The amplitudes were extracted from wavelet analysis
(APPENDIX E in (Abell 2015)) at a frequency of 440 kHz, which is the dominant frequency of
the first emerged converted signals, and were normalized with respect to the initial value of the
transmitted wave amplitude after honey-coupling.
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Figure 4.4 Specimen 1a2a60. Normalized amplitude of transmitted (blue circles), reflected
(green squares), and converted (purple triangles) signals from transducer 3S (see Figure 4.2(b)
for transducer location) with uniaxial compression; an 18-6s window of received P-, and
converted S- to P-wave waveforms from transducer 3S with uniaxial compression
As shown in Figure 4.4, only a steady decrease in the normalized amplitude of the transmitted
waves occurred until coalescence, at about 92 kN (23.8 MPa), which is associated to the opening
of microcracks inside the rock. Significant changes in transmission amplitude occurred at a load
of about 92-93 kN (23.8-24.0 MPa), which coincides with flaw coalescence. This observation
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confirms previous findings (Modiriasari et al. 2017) that show that shear cracks are not detected
by transmitted waves until significant deformations occur. At the same load (92-93 kN), reflected
waves from the coalesced cracks were detected. What is interesting is that the converted waves,
in this case from S- to P-wave, were observed at 67 kN load (17.3 MPa), which was roughly 76%
of the shear crack initiation load detected with DIC imaging.
The conversion of elastic waves was associated with the damage that occurred inside the rock, in
the ligament region between the flaws. The damage was in the form of a shear crack, as
suggested by the converted waves since wave conversions only occur along partially closed or
frictional cracks that are characterized by distributed open microcracks. As the theory by
Nakagawa et al. (2000) shows, when a shear crack dilates, normal and shear displacements occur
due to shear and normal stresses on the crack plane. This phenomenon results from a crosscoupling compliance of the impending shear crack greater than zero, which results in the
emergence of S- to P-wave conversions. The normalized amplitude of the converted waves
increased as the compression load increased and the shear cracks propagated (Figure 4.4). This is
consistent with the theory and experimental observations by Nakagawa et al. (2000) that showed
that the amplitude of converted waves initially increase with a decrease in cross-coupling
stiffness (Figure 4.1(b)). A distinct maximum in the normalized converted wave amplitude
occurred at 92 kN (23.8 MPa), at crack coalescence. The maximum was followed by a decrease
in amplitude with further compression, which was accompanied by a crack aperture greater than
10 6m and the loss of contact area between the two shear crack surfaces (figure 4.3(f)-(g)).
At 93 kN (24.0 MPa), after coalescence, there was a minimum in the amplitude of the
transmitted wave and converted wave modes because of a decrease in shear and cross-coupling
stiffness of the fracture, as the detachment between the two crack surfaces occurred. The
minimum in the amplitude of transmitted and converted signals corresponded to a maximum in
the normalized amplitude of the reflected waves. After the two surfaces of the shear crack
separated from each other (after an aperture greater than 10 6m), most of the wave energy was
reflected off the shear crack surfaces. Again, these observations are consistent with the previous
findings by Nakagawa et al. (2000) that showed that the transmission and reflection amplitudes
of waves normal to a fracture decrease and increase, respectively, with a decrease in the contact
area. However, the converted waves initially increase in amplitude with a decrease in the crosscoupling stiffness of the discontinuity with shear stress. As the fracture is further sheared, the
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contact area between the two fracture surfaces, and the stiffnesses of the separating surfaces of
the fracture, approach zero. This results in a reduction of converted wave amplitudes.
It is expected that the normalized amplitude of the reflected waves would increase as the slip and
dilation of the shear crack increased because the shear crack surfaces would completely separate
and behave like a free surface (i.e. all of the seismic energy would be reflected off the crack).
However, a gradual decrease in the amplitude of reflected signals was observed after 100 kN
(25.8 MPa). This is attributed to the interference from another shear crack that formed at the
external tip of the top flaw (see the DIC results in Figure 4.3(g)), causing a decrease in amplitude
of the reflected wave that propagated between the two flaws.
A second set of tests was conducted to determine the effect of the angle of the incident waves on
the seismic wave propagation across shear cracks to determine whether waves obliquely incident
on a shear crack could also be used as precursors to damage, as demonstrated by the results from
waves at normal incident. The normalized amplitude of the transmitted, converted, and reflected
signals propagating between two flaws were recorded for specimens with a flaw geometry of
0a2a45 (Figure 4.5). For this particular flaw geometry, crack coalescence also occurrs through a
shear crack, but the angle between the coalescence crack and the waves was ~45°. The results of
active seismic monitoring and DIC imaging, for different loads, are shown in Figure 4.5. The
DIC imaging showed that the uniaxial compression load produced shear cracks, which initiated
from the internal tips of the flaws, at roughly 45° with the incident waves.
Figure 4.5 shows that the DIC results detected the initiation of the shear cracks from the internal
tips of the flaws at 94 kN (24.3 MPa) and the crack coalescence at 109 kN (28.1 MPa).
The changes in normalized transmitted wave amplitudes with uniaxial load are shown in Figure
4.5(a) for all the transducer pairs. The signals from transducers 1P and 4S, which were
transmitted through the intact material, are shown in the figure as a reference for changes in the
intact material with load. The signals from transducer 2P monitored the onset of damage caused
by a tensile crack, as well as its evolution at the external tip of the top flaw. The load at which
the damage was detected with seismic waves (at ~54 kN, 13.9 MPa) was smaller than the load
obtained with DIC at 64 kN (16.5 MPa) (as shown with black arrows in Figure 4.5(a)). The
transmitted amplitude of the signals from transducers 3S was not affected by shear crack
initiation, which was detected with DIC (shown with blue arrow in Figure 4.5(a)). A minimum
transmission was measured with signals from all of the transducers at crack coalescence.
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Figure 4.5 Specimen 0a2a45. Normalized amplitude of transmitted signals from transducers 1P,
2P, 3S, and 4S with uniaxial load (see the photo of the specimen for transducer locations and
path of transmitted waves). The arrows indicate the detection of tensile crack (T) and shear crack
(S) with seismic probe (wave) or digital imaging (DIC); and initiation and propagation of cracks
at the flaw tips with load with DIC imaging
Figure 4.6 shows the signals of transducer 3S. The inset in Figure 4.6 (on the left) shows an 186s window of the received transmitted waves between 20 and 38 6s before failure of the sample.
The normalized amplitudes of the transmitted, reflected, and converted signals in Figure 4.6 were
extracted from a wavelet analysis at a frequency of 500 kHz, which was the dominant frequency
of the first emerged converted signal. Similar to the results from the first series of experiments,
with normally incident waves, initiation of the shear crack was not detected by the transmitted
signals. However, reflected waves were sensitive to the shear crack at about 86 kN, 91% of the
load for shear crack initiation using DIC (94 kN). S-waves were converted to P-waves in the
ultrasonic transmission tests at about 91 kN, or at 97% of the load at which the crack was
observed with DIC. The normalized amplitude of the converted waves increased with shear crack
propagation and reached a maximum at 98 kN (25.3 MPa), close to crack coalescence at 102 kN
(26.3 MPa).
Crack coalescence was associated with a large decrease in the amplitude of transmitted waves
and with a maximum in the amplitude of the converted waves at 102 kN (26.3 MPa). This
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behavior was observed at 93% of the coalescence load obtained from DIC at 109 kN (28.1 MPa).
The minimum in the amplitude of transmitted and converted waves corresponded to the
maximum of the amplitude of the reflected waves. At coalescence, most of the energy of the
waves reflected from the surface of the shear cracks, leading to a significant increase in the
normalized amplitude of the reflected signals. This is associated with a decrease in contact area
between the shear crack surfaces and increase in aperture (larger than 10 6m), both of which
caused a reduction in the shear and cross-coupling stiffness of the discontinuity. After crack
coalescence, although the shear crack aperture further increased with compression, the amplitude
of the reflected signals decreased. The decrease occurred because of the interference with other
cracks (see the DIC results at 109 kN); that is, with the signals reflecting from the cracks between
the two flaws.
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Figure 4.6 Specimen 0a2a45. Normalized amplitude of transmitted (blue circles), reflected
(green squares), and converted (purple triangles) signals from transducer 3S with uniaxial
compression; an 18-6s window of received P-, and converted S- to P-wave waveforms from
transducer 3S with uniaxial compression
The results of this study are consistent with the laboratory experiments and conversion theory
provided by Nakagawa et al. (2000) that shows that conversion of waves (P- to S-wave or S- to
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P-wave) also occurs when a wave is obliquely incident on a fracture, even with no coupling
stiffness.
The conclusions obtained in this test are representative of an experimental study on different
Indiana limestone specimens with the same flaw geometries. The experimental results show that
the significant changes observed in the converted wave amplitudes were precursors to the crack
observed on the specimen surface using DIC. This observation is attributed to the fact that the
damage first occurs inside the rock and then grows towards the surface.
Figure 4.7 provides a summary of the observations from different experiments with waves
normally (solid symbols) and obliquely (hollow symbols) incident to a shear crack (results of
normalized amplitudes of the scattered waves with uniaxial loads of other experiments are
provided in APPENDIX D). The figure includes signatures from transmitted, reflected, and
converted waves, as well as direct surface observations of the specimen using DIC. For clarity,
the load obtained from seismic imaging is normalized by the load at which crack initiation was
observed with DIC. Therefore, 100% in the y-axis (dashed line in Figure 4.7) indicates that the
crack was detected at the same time by the two methods; the smaller the normalized load in
Figure 4.7, the earlier a precursor is observed from wave data. The scatter observed in the figure
is associated with different flaw geometries and with the natural variability of the limestone.
The ratio shown in Figure 4.7 gives a comparison between the load at which damage was
detected using active seismic wave monitoring and the load at which the shear crack was
observed using DIC. The data indicates that the load at which damage occurred due to shear
crack initiation was detected using transmitted and reflected waves was often similar to or larger
than when obtained from DIC. It should be noted that the two methods provide similar results
only when the shear crack occurred close to coalescence; that is, when initiation was
immediately followed by large deformations, e.g. dilation associated with coalescence. This
supports earlier observations regarding the difficulty of detecting shear cracks by monitoring
changes in the amplitude of the transmitted or reflected waves (Modiriasari et al. 2017); that is,
significant dilation in the shear crack needs to occur before it can affect the amplitude of the
waves transmitted through the crack. Detection of converted waves associated with the damage
produced by the initiation of the shear cracks systematically occurred at loads that were much
smaller than those obtained with DIC; as low as 66% of the load with the DIC. The data in
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Figure 4.7 suggests that monitoring of elastic wave conversions is a very promising tool to
identify the initiation and propagation of shear cracks inside rock.
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4.5! Discussion
4.5.1! Numerical Simulation of Cross-Coupling Stiffness
The extended displacement discontinuity theory (Nakagawa et al. 2000) was used to analyze the
behavior of the normalized amplitude of transmitted, converted, and reflected waves during shear
crack initiation. In Nakagawa et al. (2000), the behavior of the elastic waves scattered by a
fracture composed of oriented microcracks was examined for a fracture subjected to shear stress.
They found that the coefficients of transmission, conversion, and reflection are a function of
fracture stiffness (normal, shear and cross-coupling stiffnesses), normalized frequency ()/+,
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and incident angle of the wave. Nakagawa et al. (2000) defined the relative magnitude of the
coupling stiffness (R) of a fracture as

89: .48:9
899 4.8::

. The ratio R changes between zero (corresponding

to 0° inclination cracks) and one (corresponding to crack inclinations greater than ~60°), based
on the fact that the fracture stiffness matrix should be positive definite and symmetric.
Prior to analyzing the changes in normalized amplitude of the scattered waves with crack
initiation and growth, the effect of crack inclination angle on the fracture stiffnesses and the
relative coupling stiffness R, was investigated numerically. Figure 4.8 shows the relative
coupling stiffness for an infinite array of cracks at different inclination angles with respect to the
horizontal (<) (see sketch on the right in Figure 4.8). The length of the cracks and the horizontal
spacing between two adjacent cracks were held constant at 2 and 4 mm, respectively (additional
simulations with different crack lengths, e.g. 5 mm, resulted in values of the specific stiffness
that were proportional to the length of the cracks, and thus produced identical relative coupling
stiffnesses). The calculations were performed with the Finite Element Method code ABAQUS
(2014). The mesh used for the ABAQUS simulations consisted of eight-node quadrilateral planestrain elements.

Figure 4.8 Computed coupling stiffness ratio of a fracture consisting of a periodic array of
inclined cracks. Comparison between results from ABAQUS simulations (see schematic figure
for the geometry of the models) and the boundary element method provided by Nakagawa et al.
(2000)
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Figure 4.8 also includes results from Nakagawa et al. (2000) that used a plane-strain Boundary
Element Method (Blandford and Anthony 1981). The comparison between the results of the two
simulations is reasonable. ABAQUS method appears to under predict the relative coupling
stiffness. However, Nakagawa et al. (2000) modeled fractures with a constant area (horizontal
projection) while in this simulation the inclined crack length and void volume is held constant,
i.e. the horizontal projection of the crack length changes as the crack inclination angle is changed.
Once verification of the results from ABAQUS was completed, a limited parametric analysis was
attempted to investigate the effect of shear crack propagation on fracture stiffnesses. For this
purpose, first the spacing between the oriented cracks (Si in the schematic in Figure 4.9) was
changed for each crack inclination angle. The length of the inclined cracks was held constant at 2
mm. As observed with DIC imaging in Figures 4.3 and 4.5, where eventually the oriented cracks
linked and merged with each other, the oriented cracks were linked together through horizontal
open cracks (see the schematic in Figure 4.9). The length and spacing between the horizontal
cracks is shown as Lh and Sh, respectively, in Figure 4.9.

,-----------

1·-----------

......
0
0

§

Figure 4.9 Schematic figure for the geometry of the models in ABAQUS, simulating fracture
propagation and coalescence of inclined cracks through horizontal cracks
Table 4.2 lists the results of the computed fracture stiffnesses and the relative coupling stiffness
for different models, for a fracture consisting of an array of 45°-inclined cracks. In Table 4.2, the
spacing between the cracks is the horizontal distance between the centers of two adjacent cracks
(see schematic in Figure 4.9). In models No. 1 to 5, the spacing between the inclined cracks (Si)
decreases from 24 to 4 mm. Models No. 6 to 8 simulate fracture propagation with coalescence of
the inclined cracks occurring through horizontal cracks. Fracture stiffness is normalized by the
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normal fracture specific stiffness of model 1 (an array of 450-inclined cracks with spacing of 24
mm).
The results show that, with fracture propagation (moving in Table 4.2 from models No. 1 to 8),
all the components of the fracture stiffness matrix decrease until they reach very small values;
that is, when the inclined cracks coalesce through horizontal cracks. It is interesting to note that
the relative coupling stiffness of the fracture, R (last column in Table 4.2), depends on the
topology of the fracture (Models 1-5 in Table 4.2). As shown in the table, the ratio R is ~0.8 for
all cases with an array of non-connected cracks with an inclination angle of 45°, that is consistent
with the results shown in Figure 4.8. This means that for an array of oriented microcracks, as the
number or length of individual cracks decreases until the fracture vanishes, all the components of
the fracture stiffness matrix increase proportionally such that the relative coupling stiffness R
does not change. However, as coalescence occurs between the inclined cracks (models 6-8), the
relative coupling stiffness gradually decreases to a small value because in these cases the
topology of the fracture has changed.
Table 4.2 Computed normalized stiffnesses and relative coupling stiffness R of a fracture
consisting of and array of 45°-inclined cracks, using the FEM ABAQUS
Spacing
between
horizontal
cracks Sh (mm)
-

Horizontal
crack
length
Lh (mm)
-

+,,

+--

+-,

+,-

1
2
3
4
5

Spacing
between
inclined cracks
Si (mm)
24
16
12
8
4

1
0.74
0.59
0.43
0.25

0.65
0.50
0.41
0.30
0.18

0.63
0.48
0.40
0.29
0.18

0.55
0.44
0.37
0.28
0.18

0.73
0.76
0.78
0.80
0.84

6
7
8

4
4
4

24
12
24

4
4
8

0.03
0.01
0.01

0.02
0.01
0.01

0.01
0.004
0.002

0.01
0.004
0.002

0.44
0.38
0.27

Model
No.

Normalized fracture
stiffness

R

4.5.2! Extended Displacement Discontinuity Theory
The extended displacement discontinuity theory (Nakagawa et al. 2000) was used to analyze the
changes in the amplitude of the scattered waves (shown in Figures 4.4 and 4.6) during shear
crack initiation. The amplitudes of the transmitted (Sv-Sv), converted (Sv-P), and reflected (SvSv) waves for an incident S-wave, as a function of the ratio R, are shown in Figure 4.10.
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Figure 4.10 Transmission (Sv-Sv), conversion (Sv-P), and reflection (Sv-Sv) coefficients with
the ratio R, for a S-wave incident on a fracture at different angles, and two normalized frequency
()= /> = 0.1 (solid lines) and 0.9 (dashed line)
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Figures 4.10(a)-(h) correspond to different angles of incidence on the shear crack, ranging from 0
to 90°. The transmitted Sv-Sv (blue lines), converted Sv-P (purple lines), and reflected Sv-Sv
(green lines) amplitudes are normalized with respect to the transmitted S-wave amplitude at zero
normalized frequency (infinite fracture specific stiffness). The amplitudes are shown for two
normalized frequencies of 0.1 (solid line) and 0.9 (dashed line). The values are obtained for a
density . = 2326 kg/m3, S-wave velocity ?= = 2352 m/s, P-wave velocity ?@ = 4000 m/s, and
frequency 440 kHz (angular frequency ( = 2.8 MHz), which are the material properties of the
specimen or parameters used for the results shown in Figure 4.4. Normal and shear fracture
stiffnesses are assumed to be equal (i.e. +-- = +,, = +).
As shown in Figure 4.10, for a given normalized frequency, the converted and reflected wave
amplitudes (green and purple at the bottom of the figures) increase with the relative coupling
stiffness (R), for the S-wave normally or obliquely (up to 45°) incident to the fracture. In contrast,
the transmitted amplitude of the S-waves decreases (blue lines at the top of the figures).
The experimental observations plotted in Figure 4.4 show that wave conversion (S- to P-wave)
emerges before wave reflection as damage occurred inside the rock. Note that the DIC results of
the specimen (shown in Figure 4.3) showed that the angle of incidence of the S-wave to the shear
crack is ~10°. Figure 4.3(b) contains the theoretical results for an incident angle of 10°. A crossover (black arrow in the figure) between the converted and reflected amplitudes occurs at R
greater than ~0.75 for a normalized frequency smaller than ~0.9 (Figure 4.3(b)). After the crossover point, the amplitude of the converted wave is greater than the reflected wave. From Figure
4.8, R = 0.75 corresponds to a microcrack inclination with a minimum inclination angle of ~40°.
This observation seems to support the hypothesis that before a shear crack is observed on the
specimen surface, a network of oriented microcracks with a minimum inclination angle ~40°
forms inside the rock that causes the conversion of waves from S to P. Knowing the range of
normalized frequency and values of R that cause the converted mode to have a larger amplitude
than the reflected wave, it is estimated that the shear crack in the experiment (shown in Figure
4.3) had a shear stiffness (>-- ) and cross-coupling stiffness (>-, or >,- ) greater than ~17 TPa/m.
The theory shows that a cross-over point between the converted and reflected amplitudes occurs
only when the angle of incidence is greater than zero and less than ~20-25° (Figures 4.10(b) and
4.10(c)). However, as shown in Figure 4.10(a), when the S-wave is normally incident to the
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shear fracture (angle of incidence is 0°), the reflected wave amplitude is always greater than the
converted wave amplitude.
For further insight into the problem, the experimental results of the obliquely incident wave
shown in Figure 4.6 are also compared with the theory. The results of the experiments with
waves obliquely incident to a shear crack found larger amplitudes from the reflected waves than
the converted modes (Figure 4.6). The DIC results of the specimen (in Figure 4.5) showed that
the angle between the incident waves and the shear crack was roughly 45 ° . Transmitted,
converted, and reflected wave amplitudes for an incident angle of 45° as a function of the ratio R
are shown in Figure 4.10(e). The theory supports the observation that reflected wave amplitudes
are greater than the converted wave amplitudes when the incident angle is 45°, for all normalized
frequency values. The experimental data found that the amplitude of the reflected waves was
initially ~6 times larger than that of the converted waves. This ratio of the reflected to converted
wave amplitude corresponds to a relative coupling stiffness of R~0.4-0.45 and a normalized
frequency ()= /> ~1.2-1.6 ( >-- ~ 11-15 TPa/m and >-, ~5-6 TPa/m). These values of R
correspond to microcrack inclination angles of 20-25° (Figure 4.8).
The results in Figure 4.4 show that with shear crack growth for loads up to 92 kN, the amplitude
of the transmitted waves decreases and that of the converted waves increases. During crack
coalescence, the inclined microcracks link together and form an open crack (see the DIC results
at 90 kN in Figure 4.3, showing a vertical crack). With crack coalescence, the amplitude of the
converted and transmitted waves approaches zero and that of the reflected waves increases.
These observations can be supported by the theory. Figure 4.11 shows the normalized amplitude
of the transmitted, converted, and reflected waves with respect to the normalized frequency, for
an incident angle of 10° and a constant cross coupling ratio R= 0.1 or 0.9 (only two values of R
are selected and shown for clarity). The figure shows that for a given R, the amplitude of the
transmitted and reflected waves monotonically decreases and increases, respectively, as a
fracture propagates and the fracture stiffness decreases (normalized frequency increases). The
converted wave amplitudes, however, first increase and then decrease, have a peak value at a
normalized frequency of ()= /> ≈40.1-1, for different values of R greater than 0.75.
As discussed, the ABAQUS results (Table 4.2, models 6-8) show that the ratio R decreases to
very small numbers with crack coalescence. The theory shows that with crack coalescence (see
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the plots corresponding to R = 0.1 in Figure 4.11), reflected wave amplitudes become greater
than the amplitudes of converted waves, which explains the results in Figure 4.4.
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Figure 4.11 Transmission (Sv-Sv), conversion (Sv-P), and reflection (Sv-Sv) coefficients with
normalized frequency for a S-wave incident on a fracture at 10°, and constant cross coupling
ratio (R = 0.1, R = 0.9)
Figure 4.12 shows the amplitudes of the transmitted, converted, and reflected waves as a
function of normalized frequency for R = 0.1 or R = 0.45, when the incident angle of the Swaves is 45° to the fracture. For a given R, the amplitude of the transmitted waves decreases, and
that of the converted and reflected waves increases with shear crack propagation, i.e. with an
increase in the normalized frequency and a decrease in the fracture specific stiffnesses. This
supports the experimental results in Figure 4.6 up to coalescence, i.e. up to 101 kN. In the
experiment, the amplitude of the converted wave decreases and of the reflected wave increases
with crack coalescence. As discussed above, the simulation shows that the ratio R decreases with
crack coalescence due to the change in fracture topology. Figure 4.12 shows that crack
coalescence results in a very small wave conversion and in a high ratio of the reflected to
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converted wave amplitudes (see plots of R = 0.1 in Figure 4.12). This supports the experimental
results after crack coalescence (after 101 kN) in Figure 4.6.
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4.6! Conclusions

Uniaxial compression tests were performed on Indiana limestone specimens with two parallel
flaws to monitor shear crack initiation, propagation, and coalescence using active seismic
monitoring methods. In addition, DIC was used to directly observe crack formation on the
specimen surface. Changes in normalized amplitude of transmitted, converted, and reflected
waves with load were investigated. The most important outcome of this study is the
identification of precursors to shear crack initiation. Precursors were identified as the
manifestation of converted modes produced by the presence of damage, in the form of an array
of microcracks at the location of the shear crack, at loads as low as 66% of the load at which the
crack was detected on the specimen surface with DIC. The amplitude of the converted waves
increased with shear crack propagation and reached a maximum close to crack coalescence. This
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is in agreement with the extended displacement discontinuity theory (Nakagawa et al. 2000) for
the conversion of elastic waves (P- to S-wave or S- to P-wave) that are normally or obliquely
incident to a sheared fracture. The theory was also used to estimate the orientation of inclined
microcracks and specific stiffness of shear cracks forming in the rock. The results suggest that
active seismic monitoring using converted waves is effective in detecting shear crack initiation
and in monitoring their propagation inside rock.
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5.! CONCLUSIONS AND RECOMMENDATIONS

5.1 ! Introduction

The present research focuses on the coupled mechanical and geophysical investigation of
fracturing mechanism in rock utilizing active seismic monitoring, complemented with digital
image correlation (DIC). The research involved extensive experimental work to observe crack
initiation and propagation in specimens with pre-existing flaws. DIC and seismic wave
propagation were used to monitor cracking processes on the surface and inside the rock,
respectively. The work consisted of the following components:
a)! Monitoring crack initiation, propagation, and coalescence on the rock surface using DIC;
b)! Characterization of the onset and growth of damage in the interior of the rock using
seismic wave monitoring;
c)! Determination of the location of new cracks with seismic wave measurements;
d)! Investigation of the surface degradation of tensile cracks and crack opening/closing
during cycles of uniaxial compression-compression; and
e)! Identification of the type of cracks (tensile or shear) using different parameters of wave
propagation.
This chapter is divided into three additional sections. An overview of the experimental work is
provided in Section 5.2, while section 5.3 discusses the main conclusions drawn from this
research. Section 5.4 provides future studies recommended as a continuation of this research.

5.2! Overview of the Experimental Work
This dissertation presents the results of a detailed study of crack initiation, propagation, and
coalescence in rock. This was achieved through extensive laboratory experiments. About 40
uniaxial compression tests was preformed on Indiana limestone specimens with two parallel
flaws. The main purpose of this experimental study was to characterize the damage originating
from the flaw tips using transmitted and reflected compressional, P, and shear, S, waves. Another
set of experiments was conducted on Indiana limestone specimens with a single flaw to
investigate the effect of cyclic loading on the amplitude of transmitted and reflected signals.
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Digital image correlation (DIC) was successfully used in the experiments to observe the cracking
processes around the flaw tips by monitoring the displacements on the surface.
The specimens used for the experiments were made of Indiana limestone and had prismatic
shape with dimensions 203.2 mm long, 101.6 mm wide, and 38.1 mm thick. The specimens
contained one flaw (for uniaxial cyclic tests) or two parallel flaws (in uniaxial compression tests).
The flaws were cut through the thickness of the sample, and oriented at different angles with the
loading direction. A uniaxial compression apparatus was used to apply the uniaxial load to the
specimen.
The uniaxial compression experiments showed that after the initial sitting deformation, a linear
uniaxial load-displacement behavior was obtained up to failure. The load-displacement curve
showed no indication of crack initiation or propagation. In other words, the uniaxial compression
experiment data (uniaxial load and displacement) only provides macroscopic observation with no
sufficient information on the cracking processes observed.
DIC was employed to investigate the cracking process on the specimen surface, from crack
initiation, propagation to crack coalescence. A seismic wave measurement system was used to
record full waveforms of transmitted and reflected waves from new cracks forming during
loading. This was done by placing pairs of source and receiver transducers on the sides of the
specimen. The experiments showed that relative changes in the normalized amplitude of the
waveforms was the most effective parameter to link seismic measurements with cracking
phenomena.

5.3! Conclusions
The major finding from this research is the identification of geophysical precursors to tensile and
shear crack initiation and growth in rock.
The key results can be summarized as follows:
• Changes in transmitted and reflected wave amplitudes can be used to detect damage inside the
rock. An important finding from this study, which has been consistently observed through all the
experiments, is that the rate of reduction in amplitude of the transmitted waves changed with the
onset of damage at the location of the emerging tensile crack. An additional decrease in
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amplitude was observed at coalescence. Active seismic monitoring detected the initiation of
damage in the form of a tensile crack, on average, at 80-90% of the stress observed with DIC,
and detected coalescence at around 90% of the stress identified by DIC. The change in
transmitted wave amplitude from P- and S-wave transducers was sensitive to the initiation of
damage associated with the impending tensile crack and with crack coalescence, but it was not
sensitive enough to detect initiation of shear cracks (they were detected once significant shear
and dilation occurred). The location of new cracks was determined based on the arrival time of
reflected waves.
• In the uniaxial cyclic experiments, the DIC results showed that the kinks, i.e. small tensile
cracks at the flaw tips, closed and open with the cycles of loading and unloading. In fact, with
DIC, no crack was observed at the very small loads. After the first cycle, the kink opened only
during the loading segment, and could be detected by DIC at loads smaller than its initiation load.
Active seismic monitoring showed that the amplitude of the transmitted waves through the kink
decreased when loading and increased when unloading, following the cycles of opening and
closing of the tensile crack. The amplitude of the transmitted waves did not return to its initial
value after the first cycle. This indicates that the kink did not close completely in the unloading
portion of the cycle and residual damage remained inside the rock. With an increasing number of
cycles, the opening of the kink increased, which resulted in a reduction in transmission. This
finding is consistent with a hysteretic behavior of material during cyclic loading. After a few
cycles (5-6), the amplitude in each cycle remained unchanged, which seems to indicate that the
damage stabilized after the first few cycles. With an additional increase in compression after the
cyclic loading, the tensile cracks propagated and shear cracks initiated from the tips of the flaw.
This caused a minimum transmission through the specimen. Reflected waves were not sensitive
to the initiation of the wing (tensile) cracks nor to the opening and closing during the cyclic
loading. This is interpreted as the opening of the crack was below the sensitivity threshold for the
reflected waves. However, as the load was increased after the cyclic loading, and the length and
aperture of the tensile cracks increased, the amplitude of the reflected waves increased. The
location of the new cracks was estimated using the arrival time of the reflected waves.
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• Results from the experiments show that damage initiation in the form of a shear crack converts
part of the S-wave incident on a fracture to a P-wave, even when the S-wave is normally incident
to the crack. The physical mechanism behind this behavior is that the shear load causes a
redistribution of local contact stiffness on the fracture surface that results in cross-coupling of the
fracture stiffness. The cross-coupling causes the elastic dilation of the shear crack under shear or
normal load, when the shear crack can be represented as an array of inclined microcracks.
Theoretical studies show that the energy of the wave impinging on the microcrack array
partitions into transmitted and reflected S, P, and S-to-P waves.
• In the experiments, wave conversions were found as precursors to shear crack initiation. The
manifestation of wave conversions produced by damage, in the form of an array of oriented
microcracks, was observed at loads as low as 66% of the load at which the crack was detected on
the specimen surface with DIC. The amplitude of the converted waves increased with shear
crack propagation up to crack coalescence.
• Numerical simulations were done with ABAQUS to understand the changes in fracture
stiffnesses and the relative coupling stiffness R with shear crack propagation. The results indicate
that R is dependent on the topology of the shear fracture containing oriented microcracks and
only decreases with coalescence of oriented cracks.
We hypothesize that shear crack initiation and formation produce oriented microcracks. The
orientation of microcracks was estimated by analyzing the ratio of the wave conversions to wave
reflections measured quantitatively in the experiment and using the extended displacement
discontinuity theory. The orientation of microcracks is considered in the theory by the relative
coupling stiffness R. Knowing the estimated R value and normalized frequency using the theory,
the specific stiffnesses (shear and cross-coupling stiffness) of the shear crack were estimated.
All the observations listed and conclusions reached were consistent through all the experiments.
Thus, there is experimental evidence to support the use of transmitted and reflected seismic
waves as an effective tool to detect crack initiation, propagation, and coalescence inside rock, as
well as the determination of the type and location of the new cracks.
The findings of this research are at the laboratory scale and, if applicable to the field, have the
potential to impact the field of rock mechanics. Seismic signatures have the potential to provide
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information on the mechanical properties of discontinuities inside the rock such as specific
stiffness, as well predict damage initiation and crack growth, sliding, and failure.

5.4 ! Recommendations for Future Research

This fundamental research has contributed to a better understanding of the fracturing mechanism
inside rock by coupling mechanical and geophysical methods. As mentioned, in the preceding
section, the use of geophysical methods has great potential for future research. While significant
progress has been made through this research, there are opportunities for further research.
An investigation of the source mechanisms of cracks forming in rock was conducted post
mortem, i.e. after the experiment, by observing the structure of the new cracks surfaces (directly)
and during the experiments by monitoring the amplitude of the seismic waves (indirectly). It is
expected that damage at the microscale occurred prior to crack detection on the surface, which
might be the cause of seismic precursors. There is a need to assess the source mechanism of
damage inside the rock. It is suggested that a 3D X-ray microscope or a scanning electron
microscope (SEM) be used to scan the material as it undergoes damage during uniaxial
compression and cyclic loading. In other words, a series of uniaxial compression experiments
with different flaw geometries and predefined values of compression could be conducted to
correlate changes in the microstructure of the material with seismic measurements. Another
series of uniaxial cyclic experiments could also be performed to monitor damage with cycles of
loading and unloading.
In the dissertation, the cross-coupling behaviour of the seismic waves was quantified in the
laboratory and the fracture specific stiffnesses were estimated using the extended displacement
discontinuity theory. Numerical simulation of the cracking processes in pre-cracked rocks is
suggested to compare the fracture specific stiffnesses from simulations with those obtained from
seismic wave measurements.
Extensive and fundamental work on crack initiation and coalescence has been conducted on a
large variety of materials, mostly isotropic, that had open flaws. This may be associated with the
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difficulty of creating frictional flaws. However, in nature and in many civil engineering
structures, the materials are anisotropic and the pre-existing cracks are closed (have surface
contacts), or they close under predominantly compressive loading. The proposed geophysical
method may have the potential to develop analysis tools that apply to isotropic as well as
anisotropic rocks with open/closed fractures. However, further research is needed to verify that
this is the case. The effect of matrix anisotropy and also closed (sealed) fractures on fracturing
phenomena is suggested. For this purpose, experiments could to be done in rocks with marked
anisotropy such as sandstone or shale. In addition, closed flaws should be explored.
The mechanisms of fracture and their geophysical signature were studied in the laboratory. More
work needs to be done to correlate the observations at the micro- and laboratory scales to those at
large scales; that is, at the field scale.
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APPENDIX A. PETROGRAPHY OF INDIANA LIMESTONE

This appendix summarizes the petrography of Indiana limestone samples from fourteen thin
section analysis that were conducted by Spectrum Petrographics Inc (Table A.1). Figure A.1
shows an example of a thin section image.

Table A.1 Results of thin section analysis of Indiana limestone samples used in this study
Rock Name

BIOSPARITE (probably formed from a biosparite protolith)

Minerals

Calcite (>99%) + quartz/chalcedony (<1%) + opaques (<1%)

Textures

Bioclastic sedimentary. The samples have a very weakly directed
planar fabric (bedding) apparently parallel to the XY plane and
defined by preferentially oriented elongate fossil fragments. Overall
size distribution is unimodal.
Framework Grains (50-75%) are 400-6000 6m with tangential
contacts.
!! Pellets (10-25%)
!! Fossils (30-65%) are composed of unrecrystallized calcite
rarely weakly replaced by chalcedony.
!! Oolites (0%) were not observed.
!! Intraclasts (0%) were not observed.
!! Quartz Silt (<1%)
Matrix (0%) was not observed.
Cement (20-30%) is composed of sparry calcite.
Porosity (15-25%)

Alteration

No other alteration features were observed.
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Figure A.1 Thin section image of one of the Indiana limestone samples
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APPENDIX B. CALIBRATION EXPERIMENTS

Two sets of experiments were conducted to evaluate the capability of digital image correlation
(DIC) to detect the fracturing process in rocks and to determine the optimal experiment set-up to
couple the mechanical and geophysical tests. The first set of calibration experiments consisted of
loading prismatic specimens of Indiana limestone in uniaxial compression. The specimens had a
single through-going crack. The objectives of the tests were: (1) to ascertain that the digital
correlation method was suitable to detect the initiation of new cracks; and (2) to investigate
changes of transmitted and reflected waves through the specimen as it undergoes damage. The
second set of calibration experiments consisted of loading pre-cracked prismatic specimens of
sandstone in three-point bending to observe changes of transmitted waves at the tip of the crack
with loading.

B.1 Experiments on Indiana limestone
B.1.1 Sample Preparation and Experimental Set-up
The Indiana limestone specimens for this research were taken from a mine in Bedford, Indiana
operated by the Elliott Stone Company. Blocks of Indiana limestone were cut into prismatic
specimens with dimensions 203.2 mm long, 101.6 mm wide, and 38.1 mm thick. The blocks were
cut using a water-cooled saw to obtain flat, smooth, and parallel surfaces. The high-quality
cutting process was instrumental in minimizing any potential stress concentrations or nonuniform loading on the specimen. All cutting was performed by Cassini-D&D Mfg., Inc. in
Lafayette, Indiana.
A pre-existing flaw was cut in each specimen by a Hammerhead Calypso water jet cutting
machine (Figure B.1). The Hammerhead water jet cutting system can cut a wide variety of
materials with a +/-0.003 tolerance. The water jet system utilized an auto line abrasive cutting
head with a 60,000 psi (413.68 MPa) operating pressure for the water and sand mixture to cut
materials up to 6 inches thick. The length, average aperture and inclination of the flaws were
25.4 mm, 1.02 mm and 30°, respectively (Figure B.1). This flaw geometry was used in all the
calibration tests.
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Figure B.1 Painted prismatic specimens with central straight flaw (surrounded with transducer
platens)
The specimens were subjected to uniaxial compression (parallel to the longer direction of
specimen (Figure B.1) using an Instron loading machine. Figure B.2 shows the experimental setup, including the loading machine, digital imaging system, seismic monitoring array, and data
acquisition system. A Teflon film was attached to the top and bottom loading platens using a thin
layer of petroleum jelly to reduce friction between the platens and the specimen. The uniaxial
compression load was applied to the specimen at a constant displacement rate of 0.04 mm/min
until failure. The loading machine recorded the applied loads and vertical displacements during
the experiment. In addition to load and displacement measurements, full waveform
compressional, P, and shear, S, waves across the specimen (lateral and top-bottom) were
monitored. Both compressional (P) and shear (S) wave transducers were placed inside pairs of
platens at the top and bottom and at the two sides. The platens were composed of four solid steel
blocks placed on each side of the specimen (Figure B.1) that were machined to house the source
and receiver seismic arrays. The sources were located on the right side and at the bottom of the
specimen and the receivers on the opposite sides (Figure B.1). Figure B.3 shows the design of
the platens that held the transducers.
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Figure B.2 Experimental set-up, including loading machine, digital imaging system, seismic
monitoring array, and data acquisition system

Figure B.3 Design of transducer holes with sensor housing in: (a) lateral platens; and (b) topbottom platens
There were a total of eight sources and eight receivers; that is, five lateral pairs and three top-tobottom pairs (Figure B.3). The lateral platens had to be attached to the specimen without
applying any significant stress (i.e., to ensure uniaxial loading). After some initial trials, four stiff
springs (two on the front and two on the back of the specimen) were used for this purpose
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(Figure B.1). The springs applied an overall lateral stress of 70 kPa to the sample. This stress
was small enough such that it did not affect the initiation of tensile cracks.
A computer-controlled data acquisition and seismic imaging array controller system was used in
the experiments to enable simultaneous mechanical and geophysical measurements. Multiple
full-waveforms (for both transmission and reflection) were scanned and stored for postprocessing analysis. Full-waveform data were used to determine attenuation and velocity as a
function of frequency and applied load. After the experiments, the seismic attributes were
analyzed to link the mechanical data (displacements and loads) with the geophysical
measurements (velocity and attenuation) (Hedayat, 2013).
The data acquisition system consisted of a chassis (PXI-1042) that contained a real-time onboard
computer controller (PXI-8106) with two multiplexer matrix switches for recording both
transmitted and reflected signals, a two channel 14 bit 100 MHz digitizer (PXI-5122) for
acquiring full waveforms, a 16 channel DAQ (PXI-6143), and two multiplexers (PXI 2350) for
switching among multiple seismic sources and receivers. The system enabled us to monitor
seismically the dynamic processes that occurred on short time scales. For instance, we could
probe, near simultaneously, multiple regions of a sample as a fracture formed during loading.
The displacements and load as a function of time were measured concurrently. While a fracture
initiated and propagated in the material, the volumetric imaging of the specimen was provided by
full-waveform compressional, P, and shear, S, wave transmission data.
A Labview computer code, a graphical programming code compatible with the National
Instruments devices, was used to collect and store the data during the experiment. The code had
two options: manual and automatic. Under the manual option, the user could manually switch
channels to observe waveforms from different sources and receivers. This ensured that the timewindow and gain for the signals were sufficient to capture clean signals and that the
experimental assembly was correct. The automatic option provided data acquisition control to
the computer and consisted of multiple nested loops. The main loop collected the waveform
signals, averaged the acquired waveforms, and stored them in a temporary file. Simultaneously,
the output voltage from all the sensors connected to the multifunction DAQ (PXI-6143) was
recorded together with the averaged waveforms. All the recorded waveforms, as well as sensor
output voltages, were then stored in a file and exported in a format compatible with Microsoft
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Excel or other ASCII reader. A box with four signal conditioners was designed and built to
receive the input from the loading machine (Figure B.2).
The Labview code was optimized to examine multiple regions of the specimen as fast as possible
using an iterative process. For instance, the required time for recording 30 signals per channel
with 10,000 data points and 100 MS/sec sampling rate was 20 ms. This was accomplished by
increasing pulse repetition frequency (PRF) up to 5 kHz and using two-dimensional waveform
acquisition. The DAQ system was capable of performing one complete scan of five pairs of
sources and receivers per second (Hedayat, 2013). All the different parts of the experimental setup are shown in Figure B.2.
The transducers were coupled to the surface of the specimen using oven-baked honey. In order to
dehydrate the honey, it was kept in an oven at 90℃ for 90 minutes. A thin adhesive plastic film
was used on the specimen surface to prevent the penetration of honey into the pores of the
limestone. A constant 2 MPa uniaxial compressive stress was applied for 4 hours prior to testing
to the specimen through the top and bottom platens that housed the transducers (the stress
applied by lateral platens and stiff springs to two sides of the specimen, is constant, i.e. 70 kPa).
This period was used to eliminate artifacts associated with coupling between a sample and the
transducers. The applied load during honey coupling was small enough such that it did not
induce any damage in the specimen. Transmitted signals were recorded every second during the
test, while the uniaxial compression load increased. The same process was repeated in all the
experiments.
B.1.2 Experimental Results
B.1.2.1 Comparison between DIC and Visual Crack Detection
Uniaxial compression tests were conducted on Indiana limestone specimens with a single straight
flaw in their center to determine if the crack patterns observed in other rocks and rock-model
materials also occurred in Indiana limestone. The experiments were conducted by first applying a
normal stress up to 40 kN (10 MPa). No cracks were observed within this stress level. Then the
load was increased in 5 kN steps until coalescence and failure.
To determine the efficacy of DIC for identifying new cracks, a number of experiments were
performed using two methods (visual and DIC) for observing new cracks on the surface of a
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sample. A digital camera with a magnifying lens and a CCD camera (DIC) were placed in front
of the specimen. Due to the symmetry of the specimens, it was assumed that tensile cracks
initiated at both tips of the flaw at the same stress level. Figure B.2 shows the experimental setup including the microscope and digital imaging device for the 2D-DIC method. The
displacements in the ROI (gray region on the specimen surface in Figure B.2) were monitored
during the entire test using 2D-DIC imaging. The gray area on the surface of the sample
contained a random speckle pattern in the ROI around the left tip of the flaw. A Grasshopper
(Point Grey) CCD camera with 2448×2048 effective square pixels recorded images during the
experiment with a rate of 2 frames/sec. The images were analyzed after the test using the ZNNC
correlation algorithm (see Sections 2.3 and 4.3) to obtain the vertical and horizontal
displacements during the loading process. The digital camera was used to image crack formation
at the right tip of the flaw and the CCD camera was used to capture images at the left tip. The
right side of the specimen was painted white to improve the observation of the initiation of
tensile cracks (Figure B.2).
The images from the digital camera were displayed and recorded on a computer. The purpose of
recoding was to double-check the initiation stress and to review the cracking process after testing.
A fiber optic illumination device also provides light to the surface of the specimen (Figure B.2).
Step-wise loading of the sample was performed to aid in the detection of crack initiation. The
specimen surface was scanned for new cracks every 5 kN (1.3 MPa) load increment. At the end
of each 5 kN load step, the load was held constant, and the surface near the tip of the flaw was
scanned for new cracks.
In 2D-DIC, the out-of-plane motion of the specimen (e.g., from Poisson’s effect) results in errors
when computing the in-plane displacement field (Pan et al. 2009; Sutton et al. 2008). In-plane
strain errors caused by out-of-plane translations are proportional to z, ∆z/z, where ∆z is the outof-plane translational displacement and z is the distance from the object to the camera. Thus, to
minimize out-of-plane errors, the camera was mounted at a distance of 0.42 m from the specimen
such that the maximum error was ∆z/z ~10-4. A 50 mm focal length lens (Model HF50SA1
Fujinon) was used to image an area with dimensions 25.4 mm width and 30 mm height near the
tip of the flaw. Thus, each pixel in the image represented 28 6m on the specimen surface. In
other words, the spatial resolution of the imaging system was 28 6m/pixel. The FlyCapture®
SDK software was used for controlling the camera and image acquisition. The ZNCC correlation
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algorithm was performed on the acquired images and the unit of measurement was pixel-based.
The DIC correlated displacements were multiplied by the spatial resolution value, 28 6m/pixel to
convert the measured values from pixels to the physical displacement in micrometers. Given the
number of pixels and the size of the field of view, it was determined that the speckles should all
be larger than 240 6m to ensure accurate subset matching. Figure B.4 shows an image of the
specimen surface with the speckle pattern prior to testing. The speckle size obtained on the
specimen surface from spray painting ranged from 300-400 6m, which provided a minimum of 4
pixels per speckle. In all the tests, the camera remained in a fixed position with respect to the
specimen with the optical axis perpendicular to the specimen surface.
.4 mm (898 pixels)

Figure B.4 Typical digital image of the limestone specimen surface
In DIC, incremental displacements are obtained from the difference between two digital images:
a reference image and an image of the deformed sample. Thus, the total full-field displacement is
measured through the summation of the incremental displacements from previous image pairs.
To evaluate crack initiation at the flaw tip during loading, displacement contours are constructed
through various stages of loading. Relative horizontal displacements were extracted from
displacement contours for different horizontal cross sections, as shown in Figure B.5 to aid in the
determination of the fracturing mechanism. This procedure quantifies the amount of
displacement as a function of position and stress along the specimen, near the flaw tip.
Figure B.5 shows a sequence of horizontal displacements for different loading. Each figure
contains two plots: a contour plot of horizontal displacements on the right hand side, and a graph
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with the magnitude of the displacements at different locations from the tip of the graph, on the
left. The locations of cross sections (y in the left figures) are shown as horizontal dashed lines on
the contour plots (right side). The displacement contours consist of a series of color bands, each
representing the horizontal displacement field at a given axial load.
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Figure B.5 Contours of horizontal displacements (u) and displacement discontinuities (∆u) from
DIC at different loads. (a) at 44 kN (46% of failure load); (b) at 54 kN (57% of failure load); (c)
at 75 kN (80% of failure load)
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The relative horizontal displacement increases linearly at the early stages of loading and denotes
elastic deformation (Figure B.5(a)). As the load continues to increase, a loss of linearity occurs
that denotes a discontinuity in displacement. The point of loss of linearity can be seen on the left
plot in Figure B.5(b), for y = 19.7 mm, which corresponds to the dashed line closer to the tip.
This is viewed as the initiation of the tensile crack at the tip. As the axial load is increased to 80%
of the failure load, the tensile crack propagates and a large increase in relative displacement is
observed in the lower cross sections (y = 17.5 and y = 15 mm). From conventional visual
inspection, the initiation of the tensile crack was not observed until a load that was ~5 kN larger
than the load at which initiation was observed with the DIC approach. This observation, which is
consistent with similar observations from other tests, shows that DIC can be used to detect crack
initiation, with even a better accuracy than conventional visual method.
B.1.2.2 Coupled Geophysical and Mechanical Tests
Eight transducer pairs, i.e., eight sources (five on the right side and three at the bottom) and eight
receivers (opposite to the sources), were located on four sides of the limestone specimens to
monitor any damage during loading. Both compressional and shear wave transducers with
different transducer layouts were used for the tests. For example, Figure B.6 illustrates two
different layouts of transducers. Different arrangements were used to determine the most
effective layout for the dimensions of the specimen and the geometry of a flaw. The red squares
in Figure B.6 depict the area analyzed with DIC (i.e., the ROI area). The objective of the tests
was to observe crack initiation using DIC and investigate, at or near the time of crack initiation,
changes in elastic wave attenuation/travel times through the specimen. This was done for
numerous combinations of source and receiver locations as well as compressional versus shear
wave signal generation/recording.
Repeatability of the seismic measurements was quantified by running a number of tests on intact
limestone blocks. Results from the intact limestone tests were used as baseline data for
comparisons with transducer response from pre-cracked rock specimens. Figure B.7 shows some
of the waveforms recorded from 7P and 7S (which are very close to the crack tip; see Figure B.6)
during loading (until the failure of pre-cracked samples).
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Figure B.7(a) is a plot of the waveforms at different magnitudes of the loading for the intact
specimen; Figures B.7(b) and B.7(c) are analogous plots for two different pre-cracked specimens.
The data in the figures seem to indicate that arrival time and peak-to-peak amplitude are
potential parameters that may be used to detect changes in the specimens such as initiation of a
new crack. Figures B.7(a) and B.7(b) can be used to compare the changes in arrival times and
amplitude of P-waves in intact and pre-cracked specimens as the load increases. The data show
that the arrival time of P-waves in pre-the cracked specimen is higher than in intact rock. In
addition, the rate of increase in arrival time and decrease in amplitude in the pre-cracked
specimen is higher than in the intact specimen, as the load increases. Comparing P and Swaveforms in pre-cracked specimens (Figures B.7(b) and A.7(c)), the rate of increase in arrival
time and decrease in amplitude of P-waves is higher than S-waves. This could show that P-waves
are more sensitive than S-waves to crack initiation inside the rock, when the load increases.
Figures B.8 and B.9 show plots of arrival time and peak-to-peak amplitude normalized with
respect to their values after the seating load (at about 10 kN). Data are plotted for intact (Figure
B.8(a) and B.9(a)) and pre-cracked specimens (Figure B.8(b)-(c) and B.9(b)-(c)). Figures B.8
and B.9 contain data from the top-bottom and lateral transducers (the former includes transducer
numbers 1-3 and the latter includes transducer numbers 4-8). For the intact specimen, the arrival
time decreased for top-bottom transducers and increased for the lateral transducers (except for
the lateral S-wave transducer with vertical polarization) (Figure B.8(a)). This is expected for the
arrival times because, with loading, the specimen shortens in the vertical direction and widens in
the horizontal direction due to the Poisson’s effect. The same trend is observed in the precracked specimens (Figure B.8(b)-(c)), but only up to some magnitude of the loading, after
which the trend is lost or reversed. Our interpretation is that the change in the character of the
arrival time – load curve for the pre-cracked specimen occurs at crack initiation. The vertical
dashed line in the figure denotes the load at which a new crack was detected using DIC. There is
a strong correlation between crack initiation from DIC and the loss of the monotonic trend in
arrival time in pre-cracked specimens.
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Figure B.8 Arrival time vs. load for intact (a) and pre-cracked samples (b and c) for top-bottom
and lateral transducers. Dashed line shows the crack detection load using DIC
Similar observations to those made for arrival time in Figure B.8 can be made for peak-to-peak
amplitude of the signals (Figure B.9). Figure B.9(a) shows a gradual and continuous increase in
peak-to-peak amplitudes (of the signals from the top-bottom transducer pairs) as the load
increased. The changes in compressional wave, P, amplitude are more pronounced than for the
shear wave amplitudes. This suggests that for this configuration, P-waves are more sensitive to
crack initiation than S-waves. What is important to note is that the peak-to-peak amplitudes of
the transmitted P-waves of top-bottom transducers attain a maximum prior to reaching the peak
strength of the sample. After the maximum amplitude, the peak-to-peak amplitudes of the topbottom transducers decrease gradually until failure. This maximum appears to correlate well with
crack initiation detected from DIC (depicted by a vertical dashed line). A different behavior is
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observed in the data from lateral transducers (Figure B.9). The peak-to-peak amplitude did not
increase as the load was applied (except for S-wave transducers with vertical polarization).
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Figure B.9 Peak-to-peak amplitude with load for intact (a) and pre-cracked specimens (b and c)
for top-bottom and lateral transducers. Dashed line shows the crack detection load using DIC
A comparison was made between the crack initiation loads observed using DIC and estimated
using wave propagation (using signals from transducers 5 and 7, which are the lateral transducers
closer to the tips of the flaw). The data showed that the geophysical method detected crack
initiation much later than the DIC, when the length of the wing crack was about 4 mm. The
difference may be due to the location of the transducers, to a “threshold” length that a crack
needs to have to be detected, which may be related to the wavelength of the signals, or that
cracks may form on the surface prior to the interior or to other factors. To understand the
phenomenon better, a new series of experiments were completed in three-point bending (see
Section B.2).

118

Simple three-point bending tests were also performed on sandstone specimens to improve our
understanding of the effect of crack initiation on compressional and shear waves and to
determine the best sensor location and type (P or S) for monitoring initiation. The results of these
experiments will be discussed in Section B.2. In addition, as was discussed before, the changes
in amplitude and arrival time of the lateral S-wave transducers with vertical polarization differed
from those measured with horizontally polarized S-waves. This may be associated with the
anisotropy and bedding direction in the Indiana limestone specimens and indicates that these
specimens are not isotropic. The next section describes the studies that were performed on
Indiana limestone specimens to evaluate their anisotropy.
B.1.2.3 Anisotropy of Limestone Specimens
A number of shear wave measurements were made on different samples of Indiana limestone to
determine the anisotropy of these samples. The arrival times of S-waves (with different
polarizations) propagated through a specimen were measured for three orthogonal planes (XY,
YZ, and XZ in Figure B.10). On each plane, the S-wave velocity is measured for polarizations of
0 o, 30 o, 60 o and 90o (Figure B.10) and are presented in Table B.1. Because the same results
were observed in all of the specimens that were studied, only the results from one intact sample
are shown in Table B.1.
The S-wave velocity is not the same for the three orthogonal directions nor for the different
polarizations. These specimens of Indiana limestone are not isotropic. The average S-wave
velocity in the “Z” direction is almost 6% smaller than in the “X” direction. However, the Swave velocity in “Y” direction is only 3% different from (larger than) the “X” direction. The Swave velocity in the “Z” direction is smaller than in the other two directions. Based on these
measurements, our hypothesis is that the anisotropy and bedding plane direction is roughly
parallel to the XY plane and as the wave should go through these planes, it has smaller velocity
in the “Z” direction.
More interestingly, because the Indiana limestone specimens are not isotropic, the arrival time of
lateral S-wave transducers with vertical polarization decreased and the amplitude increased
during loading. This behavior is different from the results of lateral S-wave transducers with
horizontal polarization.
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Figure B.10 Polarization of the S-wave transducers to measure anisotropy in an intact Indiana
limestone specimen

Table B.1 S-wave velocities measured in intact Indiana limestone for different polarizations
Plane

XY

YZ

XZ

<
(degree)
0
30
60
90
0
30
60
90
0
30
60
90

S-wave Velocity
(m/s)
2274.1
2280.5
2285.3
2264.6
2485.4
2408.3
2436.5
2419.5
2496.1
2511.2
2499.1
2493.1

V vs. Vmin
(%)
0.4
0.7
0.9
0.0
9.8
6.3
7.6
6.8
10.2
10.9
10.4
10.1

B.2 Three-point Bending Tests (3PB)
Mode I fracture experiments were performed using three-point bending tests. Berea sandstone,
which consists of uniform grains ranging from 0.1-0.8 mm in size, was used for these
experiments. Berea sandstone is often described as a flat-bedded, light gray, medium- to finegrained protoquartzite cemented with silica and clay.
A prismatic beam with a center notch length = 10 mm was tested at a span = 118.65 mm, length
= 125 mm, height = 50.0 mm, and thickness = 21.0 mm (Figure B.11(a)). One surface was
selected to place the speckle pattern for image matching (Figure B.11(b)).
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Figure B.11 Specimen geometry (a) and experimental set-up (b) for 3PB test
An Instron loading machine was used to apply the load to the specimen using a constant
displacement rate of 0.03 mm/min. Crack initiation and propagation were identified with the DIC
system in a manner similar to that described for the limestone tests. Figure B.12 shows the
horizontal displacement field (u), at 54% of peak load (Figure B.12(a)) and at 86% of peak load
(Figure B.12(b)). The horizontal displacement increases linearly at the early stages of loading
indicating elastic deformation (Figure B.12(a)). As additional load was applied, a loss of linearity
occurred that indicates damage to the specimen. The loss of linearity is easily identified in Figure
B.12(b) and it is thought to be associated with the formation of the process zone at the tip of the
crack. A discontinuity in horizontal displacement, i.e., process zone, initiates close to the tip of
the flaw (y = 10.6 mm). As the axial load is increased to 86% of the failure load, the process
zone grows and large jumps in displacement are observed farther from the tip of the crack (y =
12.5 mm). Because crack initiation is unstable in three-point bending tests, the DIC observations
can be viewed as precursors to failure.
Two transducer pairs, i.e., one source (on the right side) and one receiver (on the left side), were
used to monitor the sample during loading. Two tests were used to determine the best type (P or
S) of transducer to detect damage: a pair of P-transducers was used with one specimen and Stransducers for another specimen. The transducers were attached to the surface of the specimens
using epoxy. After the transducers were attached to the specimen, the load was increased at a
constant displacement rate until the specimen reached failure. Full waveform measurements were
taken during loading every 0.2 seconds. Figure B.13 shows some of the waveforms recorded
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from the two specimens. The arrival time of the signals (both P-wave and S-wave transducers,
irrespective of the polarization of the S-wave transducers) increased and the amplitude decreased
with loading.
0.,0 2
0.015

~

0.01

40 .

=
=

~
yY • 10.6
12.5 mm
y 43.2 mm

35

e

5

0.005

E
(I)

(.)

0.02

"'
c,

0.015

::,

, ,. >. h

20

a)735 N
(54% of pe.ak load)

-0 .1

5

~0.01

Rf

a.

_,,.!:·' ·,: .

10

-0.005

C:

E
(I)

.

-~~:- .\

25

:>,

E

-

......

;.~

30

10

-0.15

20

40
35

E

0.005

-C:
(I)

E
(I)

30

-0.2

0.01

eE

-0.25

(.)

(IJ

c..
UI

c

30

::::s

25

.$ 20
>,. 15

0

10

-0.005

·0.01

b) 1167 N
(86% of peak load)
10

20

5
20

10

30

30

x(mm)

x (mm)

Figure B.12 Horizontal displacement (u) contours during 3PB tests. a) at 54% of peak load; b) at
86% of peak load

a) Transmitted 1S-1S

b) Transmitted 1P-1P
Increasing uniaxial compressive load

_
08

Increasing uniaxial compressive load

0.6

~

0.4

Cl)

"C

.e
'ii

E - 0.2

<(

- 0.4
- 0.6
- 0.8
-1
51

52

53

54

55

Time (µs)

56

57

58

30

31

32

33

34
35
Time (µs)

36

37

38

Figure B.13 Recorded S-wave (a) and P-wave (b) waveforms from two different samples

122

Graphs of arrival time and amplitude as a function of load, are shown in Figures B.14(a) and
B.14(b), respectively. The arrival time increases monotonically until failure, and thus it does not
provide any indication of damage to the specimen. However, the amplitude shows a distinct
decrease at the time of formation of the process zone or damage.
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Figure B.14 Changes in: (a) normalized arrival time; and (b) amplitude, with load for specimens
with S- and P-wave transducers
The amplitude increases with loading up to 1000 N in the sample with the S-wave transducer and
up to 1100 N in the sample with the P-wave transducer, where it reaches a maximum, and then
decreases until failure. The maximum in amplitude correlates well with the observation of the
process zone based on DIC, which is indicated in the plots with a vertical dashed line. Because
the DIC did not function well and the images were not recorded for the sample with the S-wave
transducers (due to high rate of recording images), the indication of the initiation of the process
zone with DIC is not shown in Figure B.14.
In summary, the three-point bending test shows that the transducers, when located close to the tip
of the notch, reach a maximum in amplitude during loading that is indicative of the formation of
the fracture process zone, and thus can be taken as precursors to failure. In fact, the maximum in
amplitude has been consistently observed at 80% of the failure load. The arrival time of the
transmitted signals was not as sensitive as the amplitude to the formation of damage during
loading. This result has been used to evaluate the behavior of seismic waves when the
transducers are located at the tips of the flaws in uniaxial compression tests on limestone.
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APPENDIX C. CHARACTERIZATION OF CRACKS USING DIC

In the experiments, the position and aperture of new cracks have been obtained using the
horizontal displacement obtained from DIC. The type of crack (tensile or shear) was
characterized after the experiment by observing the structure of the new cracks surfaces, as
described in section 2.2.
Discrimination between tensile and shear cracks was attempted by using DIC results, from
different experiments. For this purpose, first the DIC results from three point bending tests on
sandstone specimens were calibrated, given the results provided in Lin et al. (2014), to make sure
that the same level of accuracy was accomplished; that is, that normal and in-plane
displacements along a mode I-II crack could be obtained. Then, the normal and tangential
components of the displacements were computed for different tensile and shear cracks from
different uniaxial compression tests. For this purpose, first the crack initiation and growth path at
the flaw tips was found on DIC images. Then, on each side of the crack plane, two parallel lines
at a normal distance of 0.5 mm were determined. The normal and tangential displacements were
calculated for different points on the lines on each side and parallel to the crack plane.
The following discussion provides the results of two experiments on Indiana limestone
specimens with two parallel flaws and flaw geometries 0a2a45 and 2a0.7a30, in which a = 9.525
mm is half of the flaw length. The DIC results for tensile and shear cracks in these experiments
are representative of the results from all the experiments. Figure C.1 shows the DIC results of
specimen 0a2a45, which showed initiation and propagation of shear cracks in the ligament
region (left sub-figures in Figure C.1). Figure C.1(a)-(c) correspond to different uniaxial loads.
The middle sub-figures show the contours of normal (n) and tangential (t) displacements with
respect to the shear crack plane on 2D-DIC images, along the “u1” and “v1” direction,
respectively. The right sub-figures show the values of u1 (normal) and v1 (tangential)
displacements for the points on two red and blue dashed lines parallel to the shear crack plane.
The red and blue dashed lines have a normal distance of 0.5 mm with the shear crack plane, and
are located on the right and left side of the crack, respectively. Similar analyses are performed
for the DIC results of the specimen 2a0.7a30 and the results are shown in Figure C.2. The dashed
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lines in the figures are parallel to one tensile and one shear crack plane formed at the external tip
of the bottom flaw. The blue and red lines are on the right and left side of the cracks, respectively.
As shown in Figure C.1(a) at 101 kN, before a shear crack was detected with the DIC, no
differences of the normal and tangential displacements between the red and blue dashed lines
was observed. At 111 kN (Figure C.1(b)), the DIC results showed a shear crack initiation at the
internal tips of the flaws. However, the values of the normal and tangential displacements remain
similar between the red and blue dashed lines on the sides of the shear crack plane. As the shear
crack propagated and had a length of ~2 mm at each tips of the flaws (at 126 kN, Figure C.1(c)),
the dilation and opening between the crack surfaces occurred that resulted in greater difference in
the normal than tangential displacements between the red and blue dashed lines.
Figure C.2(a) shows the initiation of tensile crack at the external tip of the bottom flaw at ~90 kN.
As shown in Figures C.2(a)-(c), the normal and tangential displacements are similar between the
blue and red dashed lines on the two sides of the tensile crack even as the crack propagated.
Figure C.2(b)-(c) also shows the growth of the shear crack that initiated at the internal tip of the
top flaw. As the shear crack propagated and dilation occurred, the differences in normal
displacements were greater than tangential displacements between the red and blue dashed lines.
As shown in the graphs, given the complex mode loading that both tensile and shear cracks are
subjected to in our tests, we did not observe significant differences in the normal displacement
(aperture) and in-plane displacement between the tensile and the shear cracks. It was expected to
observe higher normal (opening) displacements than tangential (sliding) displacements for
tensile cracks (and higher sliding than opening displacements for shear cracks). However, the
results showed roughly similar magnitudes of opening and sliding for tensile and shear cracks, as
shown in the right sub-figures of Figures C.1 and C.2. This can be associated to: a) mixed-mode
(mode I and II) loading; or b) the resolution of DIC, which is not enough to distinguish between
the types of cracks forming under mixed-mode loading. In summary, the DIC measurements did
not provide a means of discerning between tensile and shear cracks in the experiments. The type
of crack (tensile or shear) was determined after the experiment was completed by direct
observation of the new cracks and their surfaces, as described in section 2.2. The crack pattern
observed in the experiments was consistent with that observed by others, e.g. in gypsum.
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Figure C.1 Normal (u1) and tangential (v1) displacemnets for a shear crack in specimen 0a2a45:
(a) at ~101 kN; (b) at ~111 kN; (c) at ~126 kN
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Figure C.2 Normal (u1) and tangential (v1) displacemnets for a shear crack in specimen
2a0.7a30: (a) at ~90 kN; (b) at ~93 kN; (c) at ~95 kN
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APPENDIX D. EXPERIMENTAL RESULTS

This appendix represents results of normalized amplitude of transmitted (T), reflected (R), and
converted (C) signals with uniaxial compression from different experiments, on specimens with
flaw geometries 1a2a60 (Figures D.1-D.3) and 0a2a45 (Figure D.4). The amplitudes are
normalized with respect to their transmitted wave amplitude prior to increasing the load. The
results of initiation and propagation of cracks at the flaw tips with load obtained with DIC
imaging are also included in the figures. Each figure also includes the specimen and layout of the
P- and S-wave transducers used in the experiments.
As shown in the following figures and discussed in Chapters 2 and 3, the transmitted wave
amplitude can only detect initiation of tensile cracks. Wave conversions occur with the initiation
of damage in the rock, even before the shear cracks are observed on the specimen surfaces. The
amplitude of the wave transmissions and conversions significantly decreases with crack
coalescence. Concurrently, the amplitude of the reflected waves increases because most of the
energy of the signals reflects from the surface of the coalescence crack as it dilates with further
loading.
An additional important observation is that in all the experiments conducted on specimens with
flaw geometry 1a2a60 (angle of incidence ~10° as shown in Figures D.1-D.3), the amplitude of
the converted waves was initially greater than the reflected waves. This supports the notion, as
discussed in the body of the dissertation, that the ratio R should be greater than ~0.75 (that is, the
angle of the oriented microcracks that constitute the shear crack should be greater than ~40°), as
discussed in Chapter 4. With crack coalescence, the amplitude of the reflected waves becomes
greater than of the converted waves. This is associated with the change in fracture topography
and with the decrease of R with crack coalescence.
For the specimen with flaw geometry 0a2a45 (angle if incidence ~45°), as discussed in Chapter 4,
the amplitude of the reflected waves is greater than of the converted waves, as shown in Figure
D.4. This is in agreement with the theory, for S-waves obliquely incident to a shear fracture.
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Figure D.1 Specimen 1a2a60. Normalized amplitude of transmitted, reflected, and converted
signals from transducer 3S and of transmitted signals from transducers 2P and 5S with uniaxial
compression; and initiation and propagation of cracks at the flaw tips with load with DIC
imaging
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Figure D.3 Specimen 1a2a60. Normalized amplitude of transmitted, reflected, and converted
signals from transducer S with uniaxial compression; and initiation and propagation of cracks at
the flaw tips with load with DIC imaging
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